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Ac  acetyl 
APCI  atmospheric pressure chemical ionization 
aq.  aqueous 
Ar, Ar1, Ar2  aryl 
ArF  perfluoroaryl 
BINAP  (2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 
BINOL  1,1′-bi-2-naphthol 
BNP  binaphthyl phosphate 
Boc  t-butoxycarbonyl 
Bu  butyl 
Bz  benzoyl 
°C  degrees Celsius 
cat.  catalyst 
Cbz  benzyloxycarbonyl 
Cy  cyclohexyl 
DMF  N,N-dimethylformamide 
DMSO  dimethyl sulfoxide 
e.g.  exempli gratia 
ee  enantiomeric excess 
eq  equivalent 
ESI  electrospray ionization 
Et  ethyl 
FD  field desorption 
Fmoc  9-fluorenylmethyloxycarbonyl 
G  an organic group 
h  hour(s) 
HMDS  hexamethyl disilazane 
HPLC  high performance liquid chromatography 
HRMS  high resonance mass spectroscopy 
i  iso 
IR  infrared 
LDA  lithium diisopropyl amide 
LHMDS  lithium hexamethyl disilazane 
LiTMP  lithium tetramethyl piperamide 





M  molar 
Me  methyl 
min  minute(s) 
MS  molecular sieves 
n  normal 
N.D.  not determined 
N.R.  no reaction 
NMR  nuclear magnetic resonance 
NOE  nuclear Overhauser effect 
o  ortho 
p  para 
Ph  phenyl 
pin  pinacolate 
Pr  propyl 
R, R1, R2, R3  an organic group 
r.t.  room temperature 
SPINOL  (S)-1,1′-spirobiindane-7,7′-diol 
t  tertiary 
TADDOL  α,α,α′,α′-tetraaryl-1,3-dioxolan-4,5-dimethanol 
Temp.  temperature 
Tf  trifluoromethylsulfonyl 
TFA  trifluoroacetic acid 
THF  tetrahydrofuran 
TIPS  triisopropylsilyl 
TMP  2,2,6,6-tetramethylpiperidine 
TMS  trimethyl silyl 
tol  tolyl 
Troc  trichloroethyl carbonyl 
Ts  p-toluenesulfonyl 
UHPLC  ultra high performance liquid chromatography 
UV  ultraviolet 
VAPOL  2,2'-diphenyl-[3,3'-biphenanthrene]-4,4'-diol 
vs.  versus 
w/o  without 







2004 年に Akiyama、Terada らが BINOL から誘導したキラルリン酸を不斉反応の触媒として用いて
以降 1,2、キラルリン酸 3は最も汎用されるキラルブレンステッド酸 4の一つとして盛んに研究されて
いる。その構造は、キラル源となるビナフチル骨格、ビナフチル骨格 3,3′位の置換基、反応基質の活


















Figure 1-3. Chiral Phosphoric Acids Derived from Diols other than BINOL. 
Akiyama らは Mukaiyama–Mannich 反応にてキラルリン酸を触媒として用い反応を行った 7e。この反
応においては、3,3′位の置換基をフェニル基からアンスリル基へ、不斉源を BINOL から H8BINOL あ
るいはビフェノールとすることで、エナンチオ選択性を向上させることに成功した（ 1-1）。 









Diels–Alder 反応に触媒として用いた 8a（ 1-2）。リン酸を触媒として用いた場合、反応は全く進行し
なかったが、リン酸アミドを触媒として用いた場合反応は円滑に進行した。 








Figure 1-4. pKa Values of Phosphoric Acid and N-Triflyl Phosphoramide. 
また、リン原子上の酸素原子を、硫黄原子、セレン原子で置換したリン酸類縁体 10も報告された。
計算により求められたリン酸類縁体の pKa値はリン酸の pKa値と比べ小さく 9c（ 1-5）、これらの官
能基で 2,2′位を修飾することは、触媒活性を向上させる上で有用であることが期待される。 
 










Table 1-1. Characters of Fluorine Atom. 
 H F Cl Br 
van der Waals radius (nm) 0.120 0.135 0.180 0.195 
Electronegativity 2.2 4.0 3.0 2.8 
C-X Bond length (nm) 0.109 0.132 0.177 0.194 






















また、π 相互作用については、ベンゼン同士の相互作用が Face to Edge で相互作用するのに対して、
ヘキサフルオロベンゼンとベンゼンとの相互作用は、Face to Face で相互作用することが知られる 11
（ 1-8）。 
 








ル化反応において、開発した触媒が有効であることを報告した 13a（ 1-3）。 








えられる 9c（ 1-9）。 
 











Figure 1-10. Reported Fluorinated BINOLs. 
F4BINOL および F8BINOL は Yudin によって合成法が報告された 14a,b。Yudin らはまず、クロロペン
タフルオロベンゼンとメトキシチオフェンから 2 工程で臭素化メトキシテトラフルオロナフタレン
を合成した。そして、クロスカップリング、またはホモカップリングを行った後に光学分割を行い、
光学的に純粋な F4BINOL あるいは F8BINOL を合成した（ 1-4）。 
Scheme 1-4. Synthesis of F4BINOL and F8BINOL. 
 
F12BINOL は、Piers らによって合成法が報告された 14c。Piers らはオクタフルオロナフタレンを出発
原料に、数工程で F12ビナフタレンを合成した。その後、2,2′位の官能基変換、水酸基の導入を行った
後に光学分割を行い、光学的に純粋な F12BINOL を合成した（ 1-5）。 








な化合物である。フルオロ BINOL を不斉源として利用した例は少なく、F4BINOL、F8BINOL を用い
たわずか数例にとどまるが、いずれの報告においても、フルオロ BINOL を用いることで触媒活性お
よび立体選択性の向上が観測される 15。 




Scheme 1-6. Enantioselective Sulfoxidation by BINOL/Ti(IV) System. 
 
 
また、Inanaga らは、BINOL および、F8BINOL から誘導したホスフェイトを配位子として用い、ケ
トエステルのフッ素化反応を行った 15d（ 1-7）。BINOL から誘導したホスフェイトを配位子として
用いた場合、中程度の収率、低いエナンチオ選択性でであったが、F8BINOL から誘導したホスフェイ
トを用いた場合、高収率かつ良好なエナンチオ選択性で生成物が得られた。 














F12BINOL の実用的な合成法の開発（ 1-8）とキラルリン酸への誘導化についての結果を示す（ 1-
9）。 
Scheme 1-8. Development of Practical Synthetic Method of Chiral F12BINOL. 
 
 








Scheme 1-10. Catalytic Enantioselective Three-component Imino-Ene Reaction Catalyzed by F10BINOL 




Scheme 1-11. Catalytic Enantio- and Diastereoselective [4+2] Cyclization Reaction of N-Benzoyl Imines 
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1. F12BINOL  
ペルフルオロアリール基は、フッ素原子の効果により、強力な電子求引性と、特徴的な電子状態を






で私は、F12BINOL から誘導したキラルリン酸の開発を目指し、合成法の開発に着手した（ 2-1）。 
 
Figure 2-1. Synthesis and Application of F12BINOL to Chiral Phosphoric Acid. 
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2. F12BINOL  
2-1. Piers F12BINOL  
F12BINOL は、2006 年に Piers らによってその合成法が報告された 2（ 2-1）。Piers らは、市販の
オクタフルオロナフタレンを出発原料とし、4 工程で F12ビナフタレンを合成した。その後、2,2′位へ
の水酸基の導入は、スズ基の導入、ホウ素へのトランスメタル化、過酸化水素による酸化反応を経て
行われ、F12BINOL は出発原料より計 7 工程、総収率 24％で得られた。 
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Scheme 2-2. Problem in the Synthesis of F12BINOL Based on Piers' Procedure. 
 
 
3. F12BINOL  
3-1. F12BINOL  
F12BINOL を再現よく、そして効率良く大量合成するために、新たな合成方法を計画した（ 2-3）。 
Scheme 2-3. Synthetic Plan of F12BINOL. 
Reported Synthetic Route by Piers 
 
Revised Synthetic Plan 
 
Piers の合成法においては、F12 ビナフタレンの 2,2′位の官能基導に課題が残り、再現よく大量合成
を行うことができなかった。これに対し、F12 ビナフタレンを構築前にナフタレン 2 位の官能基化を
行うこととした。 
  
第二章｜キラル F12BINOL の実用的な合成法の開発と環状リン酸基の導入 
16 
3-2.  
ヘキサフルオロナフタレン 3 の合成を行った（ 2-4）。ヒドラジン 4.5 当量存在下、エタノール溶
媒中 40 °C で 3.5 時間反応を行い、ヘプタフルオロナフチルヒドラジン 2 を合成した 3。ヒドラジン 2
は精製せずに次の反応に用い、ヘキサフルオロナフタレン 3 を 2 工程 80%収率で得た。 
Scheme 2-4. Synthesis of F6Naphthalene 3. 
 
3-3.  
3-3-1. LiTMP  
ヘキサフルオロナフトール 7 の合成を試みた。F12 ビナフタレンの 2,2′位は、LiTMP を用いて直接
ホウ素化できないという Piers の知見をもとに、直接のホウ素化を試みず、ナフタレン 2 位の官能基
変換を行った。 
まず、LiTMP と TMSCl を用い、ヘキサフルオロナフタレン 2 位にシリル基を導入した。2 位のシ
リル基は、フッ化セシウムと臭素を用いることで臭素へ 4、一塩化ヨウ素を用いることでヨウ素へと
変換し 5-Br と 5-I を得た（ 2-5）。 
Scheme 2-5. Preparation of 2-Halogenated F6Naphthalene 5-x. 
 
次に、ヘキサフルオロナフトール 7 への変換を目指し、ホウ素化の検討を行った（ 2-1）。ハロゲ
ンメタル交換にブチルリチウムを用いた場合、反応は複雑化し、ホウ酸 6、そしてヘキサフルオロナ
フトール 7 をあまり得ることができなかった（Entry 1, 2）。これに対し、イソプロピル Grignard 試薬
を用いた。その結果反応は円滑に進行し、望みのホウ酸 6 およびヘキサフルオロナフトール 7 を定量
的に得ることができた（Entry 3, 4）。 
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Table 2-1. Investigation of Halogen-Metal Exchange Conditions for Synthesis of F6Naphthol 7. 
 
Entry X Organometal Boron Solvent Temp. (°C) Yield of 7 (%)a 
1 Br n-BuLi B(OMe)3 THF −78 <5 
2 Br n-BuLi BCl3 pentane −35 20 
3 Br i-PrMgCl B(Oi-Pr)3 Et2O 0 >95 
4 I i-PrMgCl B(Oi-Pr)3 Et2O 0 >95 
a Isolated Yield 
3-3-2. Mg(TMP)2·2LiBr  





Mg(TMP)2·2LiBr 溶液cに対し、ヘキサフルオロナフタレン 3 を加えて 0 °C でメタル化を行った。そ
の後、ホウ酸エステルを加えてホウ素化、塩酸により酸加水分解を行った。その結果、ヘキサフルオ
ロナフタレン 3 は、ホウ酸 6 に完全に変換された。ホウ酸 6 は、THF 溶媒中、過酸化水素水を用い
て酸化反応を行い、ヘキサフルオロナフトール 7 へ定量的に変換した。 
Scheme 2-6. Synthesis of F6Naphthol 7 via Metalation of F6Naphthalene 3 using Mg(TMP)2. 
 








c) Mg(TMP)2·2LiBr 溶液は、臭化マグネシウムと LiTMP から調製した。5,6 
第二章｜キラル F12BINOL の実用的な合成法の開発と環状リン酸基の導入 
18 
3-4. F12BINOL  
3-4-1. 1  




鉄、臭素を用いてヘキサフルオロナフトール 7 の臭素化を行った。得られた 8-Br は精製せずに酸
素上をメチル基で置換した。臭素化の際に生じた副生成物を分離することができなかったが、メチル
エーテル 9-Br を良好な収率で得ることに成功した。メチルエーテル 9-Br は活性化した銅存在下、ホ
モカップリング反応を行い 7,8、メチル F12BINOL 10 を 70%収率で得た（ 2-7）。 









じ、目的とする 9-I は 66%の収率でしか得られなかった（ 2-8）。 
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Scheme 2-8. Iodination of F6Naphthol 7 by I2 and KI. 
 
ヨウ化カリウム、ヨウ素によるヨウ素化を経た 9-I の収率は、鉄、臭素による臭素化反応を経た 9-
Br の収率に比べ低い値となった。しかし生成物 9-I には 9-Br に含まれる様な副生成物は得られなか
った。そのため、9-I をホモカップリング反応に用いた場合、副生成物は得られず、定量的にメチル
F12BINOL 10 を得ることができた（ 2-9）。 









が得られなかった（Entry 2）。THF と水を溶媒として用いた場合、反応は円滑に進行し 8-Br が定量
的に得られた（Entry 3）。 
Table 2-2. Bromination of F6Naphthol 7 by Br2 and KBr. 
 
Entry Additive Solvent Time (min) Yield (%) a 
1 NaOH aq. H2O <1  80 b 
2 none MeOH:H2O = 2:1 <10 Messy 
3 none THF:H2O = 2:1 10 >95 
a Determined by 19F NMR. b Byproduct was observed. 
第二章｜キラル F12BINOL の実用的な合成法の開発と環状リン酸基の導入 
20 
3-4-2. F12BINOL  
最適化されたヘキサフルオロナフトール 7 のハロゲン化の条件（ 2-2, Entry 3）をもとに、
F12BINOL 11 の合成を行った（ 2-10）。臭化カリウム、臭素を用いてヘキサフルオロナフトール 7
の臭素化を行い、定量的に 8-Br を得た。8-Br は精製せずに酸素上のメチル化反応に用いた。その結
果、ヘキサフルオロナフタレン 3 より、計 4 工程 92％収率で 9-Br を得ることに成功した。9-Br は活
性化した銅存在下ホモカップリング反応を行い、定量的にメチル F12BINOL 10 とし、その後、三臭化
ホウ素を用いてメチル基を除去することで、F12BINOL 11 の合成を達成した。出発原料のオクタフル
オロナフタレン 1 より、計 8 工程、総収率 65％で F12BINOL を得ることに成功した。 
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3-5. F12BINOL  
Piers の報告に基づき F12BINOL の光学分割を行った 2。乳酸由来の酸塩化物を用いて F12BINOL の
ジエステルとしたのち再結晶によりジアステレオマーを分割した。得られた結晶を加水分解すること
で、光学的に純粋な R 体の F12BINOL (R)-11 を中程度の収率で得た。 
Scheme 2-11. Optical Resolution of F12BINOL 11 Reported by Piers. 
 
収率よくR体の F12BINOL (R)-11を得るために、新たな光学分割方法について検討を行った。BINOL
の光学分割法 9に基づき、シンコニジウム塩 A を用いて光学分割を試みたところ、高い収率で光学的
に純粋な R 体の F12BINOL (R)-11 を得ることに成功した（ 2-12）。 
Scheme 2-12. Optical Resolution of F12BINOL 11 Using Cinchonidinium Salt A. 
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4. F10BINOL  
4-1. F10BINOL  
F12BINOL の不斉触媒への応用を目指し、キラルリン酸への誘導化を行った。まず、3,3′位への芳香
族置換基の導入を試みた。オルトフルオロフェノールのフェノールのオルト位選択的なカップリング
反応の条件 10を参考に、反応条件の最適化を行った（ 2-3）。検討の結果、5.0 mol%の塩化パラジウ
ムトリシクロヘキシルホスフィン錯体存在下、(R)-F12BINOL (R)-11 とフェニル Grignard 試薬を用い
トルエン溶媒中、60 °C で 36 時間攪拌した場合、最も良い収率で F10BINOL が得られた（Entry 2）。 











1 4.0 50 24 38 
2 5.0 60 36 78 
3 5.0 70 36  75b 
a Isolated yield. b Tri-substituted compound was observed. 
フェニル基以外の芳香族置換基についても導入の検討を行った（ 2-4）。カップリング反応に用い
る Grignard 試薬は、フェニル基を除き、事前に調製して用いた。ビフェニル基、3,5 ジメチルフェニ
ル基は、臭化アリールとマグネシウムから Grignard 試薬を調製してカップリング反応を行った。その
結果、60%収率で置換基の導入に成功した（Entry 2, 3）。トリフルオロフェニル基は、臭化アリール
と Turbo Grignard（i-PrMgCl·LiCl）を用いハロゲンメタル化交換により Grignard 試薬を調製 11して行
ったが、低収率となった（Entry 4）。そこで、臭化アリールとマグネシウム、塩化リチウムを用いて
Grignard 試薬を調製し、触媒量を 10 mol%として反応を行った。その結果、収率は大きく向上し、90％
収率で置換基を導入することに成功した（Entry 5）a。 
  
                                                          
a) オルト位に置換基を有する芳香族置換基の導入は実現できていない。Grignard の試薬の調製方法や触媒、配位
子について検討を行い、これまでに 2,4,6 トリイソプロピルフェニル基、2,6 ジメチル基、ペンタフルオロフェ
ニル基について導入を試みたがカップリング生成物を得ることができなかった。 
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Table 2-4. Introduction of Substituents at 3,3′-Positions of (R)-F12BINOL (R)-11. 
 
Entry Ar ArMgXa cat. (mol%) Yield (%)b 
1 
 
A 5.0 78 
2 
 
B 5.0 60 
3 
 
B 5.0 60 
4 
 
C 5.0 20 
5 
 
D 10 90 
a Grignard Reagent A: Commercially Available; B: Preparation from ArBr and Mg; C: 
Preparation from ArBr and i-PrMgCl·LiCl; D: Preparation from ArBr, Mg and LiCl. b 
Isolated yield. 
4-2.  
F10BINOL (R)-12 のリン酸化は、BINOL をリン酸化する条件と同様に、ピリジン溶媒中塩化ホスホ
リルを加える条件で行った（ 2-13）。その結果、F10BINOL 由来のキラルリン酸(R)-13 の合成を達
成した。 
Scheme 2-13. Phosphorylation of (R)-F10BINOL (R)-12. 
 





る合成法を開発し、F12BINOL を効率良く大量合成することに成功した（ 2-14）。また、F12BINOL の
3,3′位への芳香族置換基、2,2′位への環状リン酸基の導入を行い、F10BINOL 由来のキラルリン酸の合
成にも成功した（ 2-15）。 
Scheme 2-14. Development of Practical Synthetic Method of Chiral F12BINOL. 
 
Scheme 2-15. Derivatization for Chiral F10BINOL-Derived Phosphoric Acid. 
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1. General Information 
1-1. Instruments and Materials 
1H NMR spectra were recorded on a JEOL ECA-600 (600 MHz) spectrometer at ambient temperature.  
Chemical shifts are reported in ppm, with solvent resonance employed as internal standard; CDCl3 (7.26 ppm), 
C6D6 (7.16 ppm), and acetone-d6 (2.06 ppm).  13C NMR spectra were recorded on a JEOL ECA-600 (151 Hz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the solvent resonance 
as the internal standard; CDCl3 (77.0 ppm), C6D6 (128.0 ppm), and acetone-d6 (206.7 ppm, 29.9 ppm).  19F 
NMR spectra were recorded on a JEOL ECA-600 (565 MHz).  Chemical shifts are reported in ppm from the 
C6H5CF3 (–67.2 ppm) resonance as the external standard.  31P NMR spectra were recorded on a JEOL ECA600 
(243 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the PPh3 
(–6 ppm) resonance as the external standard.  Infrared spectra were recorded on a Jasco FT/IR-4100 
spectrometer.  Optical rotations were measured on a Jasco P-1020 digital polarimeter with a sodium lamp and 
reported as follows; [α]T ºCD (c = g/100 mL, solvent, % ee).  The enantioselectivies were determined by ultra 
high- or high-performance liquid chromatography (UHPLC or HPLC), which was performed on a Jasco X-LC-
3000 system or a Jasco HPLC-2000 system with UV detectors.  High-resolution mass spectra analysis was 
performed on a Bruker Daltonics solariX 9.4 T spectrometer at the Research and Analytical Center for Giant 
Molecules, Graduate School of Science, Tohoku University. 
1-2. Material and Methods 
CH2Cl2, toluene, Et2O and THF were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  
Other solvents were dried over activated MS4A and used under nitrogen atmosphere. Reagents were purchased 
from commercial suppliers and used without further purification.  All reactions were carried out in flame-dried 
glassware with magnetic stirring under nitrogen atmosphere.  Analytical thin layer chromatography (TLC) was 
performed on Merck pre-coated TLC plates (silica gel 60 GF 254, 0.25 mm).  Purification of reaction products 
was carried out by flash column chromatography using silica gel 60 (spherical, neutral, 100-210 μm; KANTO 
Chemical Co., Inc.), silica gel 60 (230-400 mesh; E. Merk), and DIOL silica gel (45-75 μm; Fuji Silysia Chemical 
Ltd.). NH silica gel (45-75 μm; Fuji Silysia Chemical Ltd.). 
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2. Synthesis of (R)-F12BINOL 
2-1. Synthesis of 1,2,3,4,5,6-hexafluoronaphthalene (F6Naphthalene, 3) 
 
To an EtOH (30 mL) solution of octafluoronaphthalene (F8Naphthalene, 1) (6.8 g, 25 mmol, 1.0 equiv.) was 
quickly added NH2NH2·H2O (6.1 mL, 112.5 mmol, 4.5 equiv.) at 40 ºC. After being stirred for 3.5 h, the resulting 
orange solution was quenched with H2O (~100 mL) and extracted with CH2Cl2 (~80 mL × 3).  The combined 
CH2Cl2 extracts were dried over MgSO4 and concentrated under reduced pressure after filtration to give an 
orange crude solid of 1,3,4,5,6,7,8-heptafluoro-2-naphthyl hydrazine (F7Naphthyl hydrazine, 2).  To a freshly 
prepared MeOH solution of NaOMe (0.5 M, 180 mL, 90 mmol, 3.6 equiv.) was added the orange crude solid of 
F7Naphthyl hydrazine 2.  The black reaction mixture was stirred at room temperature (20~30 ºC) until the 
evolution of N2 ceased (~0.5 h), and then quenched with H2O (~150 mL) and extracted with CH2Cl2 (~100 mL 
× 3).  The combined CH2Cl2 extracts were washed with H2O (~50 mL × 2) and brine (~50 mL), dried over 
MgSO4 and concentrated under reduced pressure after filtration.  The residual oil was purified by silica gel 
column chromatography using hexane to give 1,2,3,4,5,6-hexafluoronaphthalene (F6Naphthalene, 3) (4.7 g, 20 
mmol, 80%) as a colorless oil. 
 
1,2,3,4,5,6-hexafluoronaphthalene (F6Naphthalene, 3) 
1H NMR (CDCl3, 600 MHz) δ 7.8 (1H, dm, J = 9.6 Hz), 7.45 (1H, dt, J = 9.3 Hz, 7.2 Hz);  13C NMR (CDCl3, 
151 MHz) δ 148.3 (dd, J = 250 Hz, 11 Hz), 143.8 (dm, J = 256 Hz), 141.8 (dm, J = 253 Hz), 141.1 (dm, J = 250 
Hz), 139.3 (dt, J = 253 Hz, 15 Hz), 137.6 (dt, J = 254 Hz, 15 Hz), 118.6 (d, J = 22 Hz), 117.5 (d, J = 15 Hz), 
116.8, 111.6;  19F NMR (CDCl3, 565 MHz) δ −137.0 (1F, m), −144.3 (1F, dm, J = 52.7 Hz), −146.3 (1F, dtd, J 
= 51.4 Hz, 16.2 Hz, 5.2 Hz), −147.6 (1F, tm, J = 17.1 Hz), −155.2 (1F, tm, J = 18.2 Hz), −157.4 (1F, tdd, J = 
19.0 Hz, 7.8 Hz, 4.3 Hz);  HRMS (ESI+) calcd. for C10H2F6 [M]+: 236.0055, found: 236.0056;  IR (neat, cm−1) 
3107, 1669, 1642, 1606, 1524, 1503, 1485, 1419, 1374, 1276, 1259, 1178, 1143, 1108, 1045, 980, 854, 811. 
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2-2. Synthesis of 3,4,5,6,7,8-Hexafluoro-2-naphthol (F6Naphthol, 7) 
 
To an ice bath cooled solution of Mg(TMP)2·2LiBr (0.27 M in THF, 9.3 mL, 2.5 mmol, 1.5 equiv.) was added a 
THF (3.0 mL) solution of F6Naphthalene 3 (393 mg, 1.66 mmol, 1.0 equiv.) at 0 ºC.  The reaction mixture was 
stirred for 1 h.  To the reaction mixture was added an ice bath cooled B(OMe)3 (891 μL, 8mmol, 4.8 equiv.), 
then the resulting solution was warmed to room temperature.  The reaction mixture was quenched with 1.0 M 
HCl aq. (~50 mL) and extracted with Et2O (~50 mL × 2).  The combined Et2O extracts were washed with 1.0 
M HCl aq. (20 mL × 2), brine (~50 mL), dried over Na2SO4 and concentrated under reduced pressure after 
filtration to give a brown solid.  The brown solid was dissolved in THF (20 mL). H2O2 (30% aqueous solution, 
20 mL, >10 equiv.) was added dropwise to the solution.  After being stirred for 30 min, brine (~30 mL) was 
added to the reaction mixture.  The resulting mixture was extracted with Et2O (50 mL × 2) and the combined 
Et2O extracts were washed with brine (~50 mL), dried over Na2SO4 and concentrated under reduced pressure 
after filtration.  The residual crude oil was dissolved in Et2O (50 mL).  The resulting solution was extracted 
with 0.4 M NaOH aq. (20 mL × 3).  The combined aqueous extracts were acidified with 6.0 M HCl aq. (10 mL) 
and extract with Et2O (30 mL × 3).  The combined Et2O extracts were washed with brine (~50 mL), dried over 
Na2SO4 and concentrated under reduced pressure after filtration to give Et2O complex of 3,4,5,6,7,8-hexafluoro-
2-naphthol (F6Naphthol, 7) (418 mg, >1.6 mmol, >95%) as a light brown solid.  Analytical data were reported 
as F6Naphthol diethylether complex 7·OEt2. 
 
3,4,5,6,7,8-Hexafluoro-2-naphthol (F6Naphthol, 7) 
1H NMR (CDCl3, 600 MHz) δ 8.34 (1H, bs), 7.18 (1H, d, J = 7.8 Hz), 3.80 (2H, q, J = 7.2 Hz), 1.36 (3H, t, J = 
7.2 Hz);  13C NMR (CDCl3, 151 MHz) δ 146.1 (d, J = 13 Hz), 144.8 (dm, J = 262 Hz), 141.1 (dm, J = 257 Hz), 
140.8 (dm, J = 253 Hz), 140.7 (dd, J = 249 Hz, 13 Hz), 138.1 (dt, J = 254 Hz, 15 Hz), 137.3 (dt, J = 251 Hz, 15 
Hz), 116.8(d, J = 16 Hz), 105,74 (t, J = 9 Hz), 100.0, 66.4, 14.4;  19F NMR (CDCl3, 565 MHz) δ −143.2 (1F, 
dd, J = 51.1 Hz, 16.1 Hz), −148.3 (1F, dtd, J = 51.2 Hz, 16.4 Hz, 5.1 Hz), −145.0 (1F, t, J = 16.7 Hz), −157.5 
(1F, m), −158.2 (1F, tm, J = 16.9 Hz), −161.1 (1F, td, J = 18.4 Hz, 3.6 Hz);  HRMS (APCI+) calcd. for C10H2F6O 
[M]+: 252.0004, found: 252.0004;  IR (neat, cm−1) 3240, 1650, 1463, 1398, 1373, 1293, 1191, 1071, 989;  MP 
45~48 °C. 
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2-3. Synthesis of 1-Bromo-3,4,5,6,7,8-hexafluoronaphthalen-2-ol (1-Br-F6Naphthol, 8) 
 
To a H2O (5.0 mL) solution of KBr (493 mg, 4.15 mmol, 2.5 equiv.) was added Br2 (102 µL, 2.0 mmol, 5.0 
equiv.). To the resulting solution were further added THF (5.0 mL) and a THF (5.0 mL) solution of F6Naphthol 
7 (441 mg, 1.66 mmol, 1.0 equiv.) in this order.  The reaction mixture was quenched with sat. Na2SO3 aq. (10 
mL), acidified with 1.0 M HCl aq. (20 mL), and extracted with Et2O (30 mL × 3).  The combined Et2O extracts 
were washed with brine (30 mL), dried over Na2SO4 and concentrated under reduced pressure after filtration to 
give 1-bromo-2-methoxy-3,4,5,6,7,8-hexafluoronaphthalene (1-Br-F6Naphthol, 8) as a brown solid.  
 
1-Bromo-3,4,5,6,7,8-hexafluoronaphthalen-2-ol (1-Br-F6Naphthol, 8) 
1H NMR (CDCl3, 600 MHz) δ 6.43 (1H, s);  13C NMR (CDCl3, 151 MHz) δ 144.4 (dm, J = 254 Hz), 144.1 (d, 
J = 13.0 Hz), 141,8 (dm, J = 260 Hz), 141.4 (dm, J = 255 Hz), 140.1 (dd, J = 254 Hz, 16 Hz), 139.3 (dd, J = 253 
Hz, 15 Hz), 137.7 (dt, J = 253 Hz, 15 Hz), 115.0, 107.3, 95.3;  19F NMR (CDCl3, 565 MHz) δ −141.3 (1F, m), 
−142.2 (1F, m), −145.3 (1F, dm, J = 68.3 Hz), −151.7 (1F, m), −153.9 (1F, m), −157.5 (1F, m);  HRMS (ESI−) 
calcd. for C10HBrF6O [M−H]−: 328.9042, found: 328.9041;  IR (neat, cm−1) 3404, 1654, 1529, 1465, 1448, 
1389, 1313, 1249, 1194, 1084, 998, 832;  MP 101~103 °C. 
  
第二章｜キラル F12BINOL の実用的な合成法の開発と環状リン酸基の導入 
30 
2-4. Synthesis of 1-Bromo-3,4,5,6,7,8-hexafluoro-2-methoxynaphthalene (1-Br-O-Me-
F6Naphthol, 9) 
 
To a DMF (10 mL) suspension of 1-Br-F6Naphthol 8 (419 mg, 1.66 mmol, 1.0 equiv.) and K2CO3 (345 mg, 2.5 
mmol, 1.5 equiv.) was added MeI (155 µL, 2.5 mmol, 1.5 equiv.).  The black mixture was stirred for 12 h. The 
resulting mixture was quenched with H2O (20 mL) and extracted with ethyl acetate and hexane 10:1 (33 mL × 
3).  The combined organic extracts were washed with sat. Na2SO3 aq. (20 mL), H2O (30 mL × 3), brine (30 
mL), and dried over Na2SO4.  The residual crude was purified by silica gel column chromatography using 
hexane to give 1-bromo-2-methoxy-3,4,5,6,7,8- Hexafluoronaphthalene (1-Br-O-Me-F6Naphthol, 9) (528 mg, 
1.53 mmol, 92% yield from F6Naphthalene 3) as a white solid. 
 
1-Bromo-3,4,5,6,7,8-hexafluoro-2-methoxynaphthalene (1-Br-O-Me-F6Naphthol, 9) 
1H NMR (CDCl3, 600 MHz) δ 4.08 (3H, d, J = 1.8 Hz);  13C NMR (CDCl3, 151 MHz) δ 147.6 (d, J = 13 Hz), 
144.3 (dm, J = 266 Hz), 143.2 (dd, J = 256 Hz, 13 Hz), 142.5 (dm, J = 270 Hz), 141.0 (dm, J = 259 Hz), 139.8 
(dt, J = 254 Hz,16 Hz), 138.4 (dt, J = 256 Hz, 15 Hz), 115.4 (d, J = 7 Hz), 109.2 (t, J = 9 Hz), 104.0, 61.8 (d, J 
= 6 Hz);  19F NMR (CDCl3, 565 MHz) δ −139.0 (1F, tm, J = 16.4 Hz), −141.5 (1F, ddt, J = 68.9 Hz, 16.4 Hz, 
4.5 Hz), −145.8 (1F, dtm, J =18.5 Hz, 4.6 Hz), −148.7 (1F, m), −154.4 (1F, tm, J = 16.9 Hz), −156.0 (1F, t, J 
=18.9 Hz);  HRMS (ACPI+) calcd. for C10H3BrF6O [M]+: 343.9266, found: 343.9266;  IR (neat, cm−1) 1665, 
1644, 1522, 1467, 1407, 1375, 1205, 1177, 1085, 998, 950, 837;  MP 52~53 °C. 
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2-5. Synthesis of 3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-2,2′-dimethoxy-1,1′-binaphthyl 
(F12MeBINOL, 10) 
 
An anhydrous DMF (22 mL) suspension of 1-Br-O-Me-F6Naphthol 9 (12.4 g, 36.0 mmol, 2.0 equiv.) and freshly 
activated copper powder (23 g, 360 mmol, 20 equiv.) was heated at 155 ºC.  After being stirred for 30 min, the 
reaction mixture was concentrated under reduced pressure.  The residual mixture was diluted with EtOAc (50 
mL) after cooled to room temperature.  The resulting suspension was passed via a pad of silica gel and washed 
with EtOAc (200 mL).  The filtrate was concentrated under reduced pressure to give a yellow solid.  The solid 
was recrystallized from hot hexane to give 3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-dodecafluoro-2,2′-bis(methoxy)-1,1′-
binaphthyl (F12MeBINOL, 10) (8.9 g, 16.7 mmol, 93% yield) as a white crystal.  
 
(R)-3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-2,2′-dimethoxy-1,1′-binaphthyl ((R)-F12MeBINOL, (R)-10) 
1H NMR (CDCl3, 600 MHz) δ 3.80 (6H, d, J = 2.1 Hz);  13C NMR (CDCl3, 151 MHz) δ 146.9 (d, J =10 Hz), 
145.4 (dm, J = 250 Hz), 143.3 (dd, J = 254 Hz, 13 Hz), 142.6 (dm, J = 256 Hz), 141.6 (dm, J = 256 Hz), 139.3 
(dt, J = 253 Hz, 16 Hz), 138.1 (dt, J = 253 Hz, 16 Hz), 116.9, 116.0, 108.4 (t, J = 9 Hz), 61.8 (d, J = 7 Hz);  19F 
NMR (CDCl3, 565 MHz) δ −140.2 (2F, dd, J = 62.1 Hz, 16.4 Hz), −143.6 (2F, t, J = 16.4 Hz), −145.7 (2F, dtd, 
J = 63.0 Hz, 16.4 Hz, 5.2 Hz), −150.4 (2F, bs), −155.4 (2F, t, J = 18.1 Hz), −157.1 (2F, t, J = 19.0 Hz);  HRMS 
(ACPI+) calcd. for C22H6F12O2 [M]+: 530.0171, found: 530.0170;  IR (neat, cm−1) 2953, 2930, 2852, 1666, 
1643, 1522, 1495, 1461, 1404, 1376, 1279, 1254, 1205, 1174, 1111, 1077, 991, 954, 825;  HPLC analysis 
DAICEL CHIRALCEL OD-3 4.6 × 250 mm, n-hexane 1.0 mL/min, 30 °C, 254 nm, 6.36 min (minor) 7.33 min 
(minor), 99% ee;  [α]25D −12.2 (c = 0.52, CH2Cl2, 99% ee);  MP 174~176 °C. 
  
第二章｜キラル F12BINOL の実用的な合成法の開発と環状リン酸基の導入 
32 
2-6. Synthesis of 3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-1,1′-binaphthyl-2,2′-diol 
(F12BINOL, 11) 
 
To a CH2Cl2 (50 ml) solution of F12MeBINOL 10 (6.6 g, 12.5 mmol, 1.0 equiv.) was added BBr3 (4.7 mL, 50 
mmol, 4.0 equiv.) and the resulting mixture was stirred at 40 ºC for 12 h.  After being cooled at −78 °C, the 
resulting solution was carefully diluted with EtOH.  The reaction mixture was quenched with H2O and extracted 
with CH2Cl2 (50 mL × 3).  The combined CH2Cl2 extracts were washed with brine (50 mL), passed via a pad 
of silica gel.  The filtrate was concentrated under reduced pressure to give a gray solid.  The residual crude 
solid was dissolved with Et2O (50 mL).  Organic layer was extracted with 0.4 M NaOH aq. (30 mL × 3).  The 
combined aqueous extracts were acidified with 6.0 M HCl aq. (10 mL) and extracted with Et2O (30 mL × 3).  
The combined Et2O extracts were washed with brine (~50 mL), dried over Na2SO4 and concentrated under 
reduced pressure after filtration to give 2,2′-dihydroxy-3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-dodecafluoro-1,1′-binaphthyl 
(F12BINOL, 11) as a white solid.  F12BINOL 11 was recrystallized from hot Et2O to give a colorless crystal of 
F12BINOL·nEt2O complex.  The coordinated Et2O was removed at 60 °C in vacuo for 12 h (6.1 g, 11.7 mmol, 
94% yield). 
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2-7. Optical Resolution of F12BINOL 11 
 
The optical resolution of the titled compound was performed in accordance with procedure for that of BINOL.  
An acetonitrile (4.0 mL) suspension of F12BINOL 11 (500 mg, 1.0 mmol, 2.0 equiv.) and N-
Benzylcinchonidinium Chloride (A) (231 mg, 0.55 mmol, 1.1 equiv.) was heated at 80 °C and stirred for 4 h.  
The mixture was stirred at room temperature for 12 h and then cooled to 0 °C.  The mixture was stood for 2 h.  
The mixture was filtered and washed with Et2O.  The solid was recrystallized from MeOH. The crystal was 
dissolved in Et2O (10 mL) and 6.0 M HCl aq. (10 mL).  After being stirred for 60 min, the mixture was extracted 
with Et2O (10 mL × 3).  The organic layer was extracted with 0.4 M NaOH aq. (20 mL × 3).  The combined 
aqueous extracts were acidified with 6.0 M HCl aq. (30 mL) and extracted with Et2O (10 mL × 3).  The 
combined Et2O extracts were washed with brine (~20 mL), dried over Na2SO4 and concentrated under reduced 
pressure after filtration.  The residual oil was dried at 60 °C in vacuo to give (R)-2,2′-dihydroxy-
3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-dodecafluoro-1,1′-binaphthyl, ((R)-F12BINOL, (R)-11) as a white solid (2.3 g, 4.7 
mmol, 94% yield, 99% ee).  Enantiomeric ratio was determined based on Piers′ procedure. 
 
(R)-3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-1,1′-binaphthyl-2,2′-diol ((R)-F12BINOL, (R)-11) 
1H NMR (CDCl3, 600 MHz) δ 5.56 (2H, s);  13C NMR (CDCl3, 151 MHz) δ 144.8 (dm, J = 263 Hz), 143.4 (d, 
J = 13 Hz), 142.6 (dm, J = 250 Hz), 141.8 (dm, J = 260 Hz), 139.5 (dm, J = 260 Hz, 2 peaks were overwrapped), 
137.6 (dt, J = 260 Hz, 14 Hz), 116.5, 108.3, 106.9 (m);  19F NMR (CDCl3, 565 MHz) δ −140.2 (2F, dd, J = 62.1 
Hz, 19.0 Hz), −145.5~−145.8 (4F, m), −155.0 (2F, tm, J = 19.0 Hz), −157.0 (2F, dm, J = 17.3 Hz), −158.3 (2F, 
td, J = 19.0 Hz, 3.5 Hz);  HRMS (ESI−) calcd. for C20H2F12O2 [M−H]−: 500.9790, found: 500.9789;  IR (neat, 
cm−1) 3674, 3577, 3396, 1652, 1530, 1456, 1393, 1350, 1288, 1230, 1191, 1115, 1077, 992, 910;  [α]25D −28.6 
(c = 0.61, CH2Cl2, 99% ee);  MP 184~186 °C. 
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3. Synthesis of (R)-F10BINOL and (R)-F10BINOL Phosphoric Acid 
3-1. Synthesis (R)-4,4′,5,5′,6,6′,7,7′,8,8′-Decafluoro-3,3′-diphenyl-1,1′-bi-2-naphthol  
((R)-F10BINOL, (R)-11) 
 
To a mixture of PdCl2(PCy3)2 (42 mg, 0.56 mmol, 5.0 mol%) and (R)-F12BINOL (R)-11 (568 mg, 1.13 mmol, 
1.0 equiv.) under argon atmosphere was added a THF solution of PhMgBr (1.0 M, 6.8 mL, 6.8 mmol, 6.0 equiv.) 
at −78 ºC.  After evacuated and refilled with argon twice, the reaction mixture was warmed to 60 ºC and stirred 
for 36 h.  After the resulting mixture was cooled to room temperature, 6.0 M HCl aq. (~5.0 mL) was added.  
The resulting mixture was extracted with Et2O (20 mL × 3), and the combined Et2O extracts were washed with 
1.0 M HCl aq. (10 mL × 2) and brine (20 mL), dried over Na2SO4, and concentrated under reduced pressure after 
filtration.  The residual crude was purified by silica gel column chromatography (0~10% acetone in hexane as 
an eluent) to give (R)-4,4′,5,5′,6,6′,7,7′,8,8′-decafluoro-3,3′-diphenyl-1,1′- bi-2-naphthol, as a brown solid ((R)-
F10BINOL, (R)-12) (544.2 mg, 0.88 mmol, 78%). 
 
(R)-4,4′,5,5′,6,6′,7,7′,8,8′-Decafluoro-3,3′-diphenyl-1,1′-bi-2-naphthol ((R)-F10BINOL, (R)-11) 
1H NMR (CDCl3, 600 MHz) δ 7.5~7.6 (10H, m), 5.51 (2H, bs,);  13C NMR (CDCl3, 151 MHz) δ 140.1 (dt, J = 
253 Hz, 16 Hz), 137.0 (dt, J = 250 Hz, 16 Hz), 130.3~130.7 (m), 129.4~129.8 (m), 128.6, 120.4 (bs), 118.3 (d, 
J = 17 Hz), 107.2 (bs), 106.9 (t, J = 11 Hz);  19F NMR (CDCl3, 565 MHz) δ −115.0 (2F, d, J = 74.0 Hz), −144.4 
(2F, dt, J = 74.0 Hz, 16.9 Hz), -146.7 (2F, t, J = 16.2 Hz), -155.1 (2F, t, J = 16.8 Hz), -160.7 (2F, t, J = 19.0 Hz);  
HRMS (ESI−) calcd. for C32H12F10O2 [M−H]−: 617.0605, found: 617.0604;  IR (neat cm−1) 3530, 1669, 1630, 
1602, 1519, 1495, 1411, 1384, 1350, 1275, 1227, 1162, 1091, 1017, 942;  HPLC analysis DAICEL 
CHIRALPAK AD-3 4.6 × 250 mm, n-hexane:2-PrOH 90:10 1.0 mL/min, 30 °C, 254 nm, 6.8 min (minor) 8.1 
min (minor), 99% ee;  [α]25D +22.57 (c = 0.20, CH2Cl2, 99% ee);  MP 110 °C (decomposed). 
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3-2. Synthesis of (R)-F10BINOL-derived phosphoric acid (R)-13 
 
To a pyridine (3.5 mL) solution of (R)-F10BINOL (R)-12 (570 mg, 0.9 mmol, 1.0 equiv.) was added POCl3 (164 
µL, 1.8 mmol, 2.0 equiv.) at 0 °C.  The reaction mixture was warmed to room temperature.  After being stirred 
for 12 h, the resulting mixture was quenched H2O (3.0 mL) at 0 ºC, acidified with 12 M HCl aq. (5.0 mL), and 
extracted with Et2O (10 mL × 3).  The combined Et2O extracts were washed with 6.0 M HCl aq. (10 mL × 2), 
dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude was purified by 
Silica gel 60 extra pure (Catalogue No. 107754 Merck KgaA) column chromatography (10~50% Et2O in hexane 
as an eluent) to give (R)-F10BINOL-derived phosphoric acid (R)-13 as a brown solid (224 mg, 0.48 mmol, 54%). 
 
(R)-C6H5F10BINOL-derived phosphoric acid (R)-13 
1H NMR (CDCl3, 600 MHz) δ7.73 (1H, bs), 7.39 (4H, d, J = 6.9 Hz), 7.26 (6H, bs);  13C NMR (C6D6, 151 
MHz) δ 154.9 (d, J = 262 Hz), 145.4, 142.6 (dm, J = 262 Hz), 142.1 (dm, J = 263 Hz), 140.2 (dm, J = 261 Hz), 
138.5 (dm, J = 259 Hz), 130.6, 128.9, 128.7, 128.5, 122.0 (d, J = 17 Hz), 119.8 (m), 114.8, 109.5 (m);  19F 
NMR (C6D6, 565 MHz) δ −111.3 (2F, d, J = 78.6 Hz), −140.8 (2F, bs), −142.3 (2F, d, J = 77.9 Hz), −155.9 (2F, 
t, J = 18.5 Hz), −155.8 (2F, t, J = 18.5 Hz);  31P NMR (CDCl3, 243 MHz) 2.50 (s);  HRMS (ESI−) calcd. for 
C32H11F11O4P [M−H]−: 679.0163, found: 679.0161;  IR (neat, cm−1) 3383, 1664, 1618, 1523, 1479, 1379, 1208, 
1094, 1017, 873;  [α]25D −78.04 (c = 0.85, CH2Cl2, 99% ee);  MP 340 °C (decomposed). 
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4. Spectra Data 
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(R)-3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-1,1′-binaphthyl-2,2′-diol ((R)-F12BINOL, (R)-11) 
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6. HPLC Spectra Data 
(R)-3,3′,4,4′,5,5′,6,6′,7,7′,8,8′-Dodecafluoro-2,2′-dimethoxy-1,1′-binaphthyl ((R)-F12MeBINOL, (R)-10) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 6.36 49.6 Peak 1 6.53 0.1 
Peak 2 7.33 50.4 Peak 2 7.30 99.9 
 
(R)-4,4′,5,5′,6,6′,7,7′,8,8′-Decafluoro-3,3′-diphenyl-1,1′-bi-2-naphthol ((R)-F10BINOL, (R)-11) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 6.78 49.5 Peak 1 6.78 100 
Peak 2 8.10 50.5 Peak 2 No peak 0 
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高いエナンチオ選択性を実現した反応系は Lectka あるいは Jørgensen によって報告された 2 例のみ
である 2。いずれの反応も、銅、BINAP 触媒存在下、反応性の高いグリオキシラート由来のイミンを
用いて行われた（ 3-1）。 
Scheme 3-1. Lewis Acid Catalyzed Imino-Ene Reaction of Glyoxylic Tosyl Imine with α-Methylstyrene. 
 
一方で Brønsted 酸としてジエチルリン酸を用いた反応系が Tobey によって報告された 3。しかしな
がら、触媒的な反応系の実現には至っていない（ 3-2）。 








ルバモイル基あるいはアシル基を有する種々のイミン 2a を用いて行った（ 3-1）。窒素上を Fmoc
基、Troc 基で置換したイミンを用いた場合、中程度の収率およびエナンチオ選択性でイミノ－エン生
成物を得た（Entry 1, 2）。Cbz 基、Boc 基の場合、反応はイミノ－エン生成物と、[4+2]環化生成物の
混合物を与えた（Entry 3, 4）。一方、Bz 基を用いた場合には、イミノ－エン生成物は得られず[4+2]
環化生成物のみが得られた（Entry 5）。以上の検討より、比較的良好なエナンチオ選択性を与えた
Fmoc 基をイミン窒素上の置換基とし、以降、反応条件の検討を行うこととした。 













































3-1. 3,3′  
収率および、エナンチオ選択性の向上を目指し、キラルリン酸の F10 ビナフチル骨格 3,3′位の置換
基について検討を行った（ 3-2）。検討は、反応性や副生成物を考慮して、アルケンとしてアルファ
メチルテトラリン 6 を用い、40 °C、24 時間で行った。3,3′位にフェニル基を有するキラルリン酸 1aa




Table 3-2. Screening of Substituents at 3,3′-positions of F10BINOL-Derived Phosphoric Acid 1a. 
 
Entry Ar Yield (%)a ee (%)b 
1 
 
1aa 93 83 
2 
 
1ab 22 67 
3 
 
1ac 67 78 
4 
 
1ad 84 79 







番が収率に影響を与えることを見出した（ 3-3）。まず、触媒量の低減に関して、イミン 2aa とキ
ラルリン酸 1aa のトルエン溶液に対しアルケン 6 を加える A で反応を行った。触媒量を 10 
mol%から 2.5 mol%に下げて反応を行っても、収率エナンチオ選択性に大きな低下は見られなかった
（Entry 1~3）。しかし、触媒量を 2.5 mol%とした場合に、副生物aの生成が目立った（Entry 3）。そ
こで、アルケン 6 とキラルリン酸 1aa のトルエン溶液に対しイミン 2aa を加える B で反応を
行ったところ、副生成物が抑制され、収率が向上した（Entry 4）。さらなる触媒量の低減を目指し 1.0 
mol%のキラルリン酸を用い反応を行ったが、収率は大きく低下した（Entry 5）。以上より、アルケン
6 と 2.5 mol%のキラルリン酸 1aa のトルエン溶液に対してイミンを加える B を最適な反応条
件とした。 
Table 3-3. Optimization of Reaction Conditions. 
 
Entry 1aa (mol%) Methoda Yield (%)b ee (%)c 
1 10 A 80 83 
2 5.0 A 77 82 
3 2.5 A 77 80 
4 2.5 B 97 80 
5 1.0 B 58 78 
a Method A: Alkene was added to a solution of imine and catalyst; B: Imine was 




                                                          
a) 副生成物は目的生成物と分離することができず構造不明である。副生成物の分子量は、2 分子の 2aa と 1 分子










Table 3-4. Screening of Solvent. 
 
Entry Solvent Yield (%)a ee (%)b 
1 toluene 97 80 
2 THF 76 50 
3 MeCN 89 11 
4 ClCH2CH2Cl 86 65 
5 benzene 97 75 
6 o-xylene 88 79 
7 m-xylene 96 80 
8 p-xylene 91 80 
9 PhOMe 96 72 
10 PhCF3 75 72 





3-4. Fmoc  
Fmoc 基上の置換基について検討を行った（ 3-2）。市販の酸塩化物を用いて、Fmoc 基上に t-Bu
基が置換したイミンを合成し反応に用いた。収率に大きな差は無かったがエナンチオ選択性は低下す
る結果となった。 




本反応における生成物 4 の絶対配置は文献既知 4の化合物 9 に誘導し、HPLC の保持時間と旋光度
の比較により行った。誘導化は、イミノ－エン反応生成物 4aa に対して過剰量のピロリジンを用い、
Fmoc 基を除去したのち、ホスフィン酸塩化物を用い窒素上を置換することで行い、化合物 9 を得た。
HPLC の保持時間と旋光度を比較した結果、絶対配置を R 体と決定した。 







（ 3-5）。比較実験は、F10BINOL 由来のリン酸 1aa の他、F12BINOL 由来のキラルリン酸 1ae、
BINOL、6,6′-Br2BINOL5由来のリン酸 1b, 1c を用いて行った。F12BINOL 由来のリン酸 1ae を用いた
場合、F10BINOL 由来のリン酸 1aa を用いた場合と比べ収率に大きな変化は無いものの、エナンチオ
選択性は大きく低下し、3,3′位置換基が高い立体選択性を得る上で重要であることが示された。また、
BINOL 由来のリン酸 1b や 6,6′-Br2BINOL 由来のリン酸 1c を用いた場合、F10BINOL 由来のキラルリ
ン酸 1aa に比べて収率が大きく低下し、予想通り F10BINOL 由来のリン酸は高い触媒活性を有するこ
とが明らかとなった。また、F10BINOL 由来のリン酸 1aa と BINOL 由来のリン酸 1b、1c のエナンチ
オ選択性の違いは大きく、ビナフチル骨格のフッ素原子は、高い立体選択性を獲得するうえでも重要
であることが明らかとなった。 





1aa 1ae 1b 1c 
Chiral Source F10BINOL F12BINOL BINOL 6,6′-Br2-BINOL 
Yield (%)a 97 84 35 43 
ee (%)b 80 19 50 48 








による窒素上の置換反応 6b,c、Aza-Wittig 反応 6b,dの三通りにて合成することができる。しかしながら、
合成中間体や、カルバマートイミン自身が不安定であることが多く、カルバマートイミンを合成、精
製し反応に利用することは容易ではない。 





















Scheme 3-6. Reaction of Aminals as Imine Precursors. 
 
 






















Table 3-6. Screening of Desiccants. 
 
Entry Desiccant Yield (%)a ee (%)b 
1c None 24 79 
2 MS3A 72 80 
3 MS4A 77 81 
4 MS5A 93 83 
5 Na2SO4 57 80 
6 MgSO4 59 78 








バミン酸エステル 11 を用い、再度、窒素上の置換基検討を行った（ 3-7）。前節にて、イミンの窒
素上の置換基として検討を行った Fmoc 基、Troc 基、Cbz 基、Boc 基（Entry 1~4）に加え、新たにメ
トキシカルボニル基（Entry 5）、フェノキシカルボニル基（Entry 6）についても検討を行った。フェ
ノキシカルボニル基の場合に高い収率かつ良好なエナンチオ選択性が得られたが、三成分反応におい
ても、Fmoc 基（Entry 1）を超える結果は得られなかった。 
Table 3-7. Screening of Amides. 
 




































エナンチオ選択性の向上を目指して、低温での反応を試みた（ 3-9）。10 mol%の F10BINOL リン
酸存在下−20 ℃で反応を行った。その結果、反応速度が大きく低下した。36 時間反応を行っても生
成物は 20%しか得られず、また、エナンチオ選択性の向上はみられなかった。 
Scheme 3-9. Investigation at Low Temperature. 
 
8.  
前節までの検討により、最適な反応条件を 2.5 mol%の F10 ビナフチル骨格を有するキラルリン酸
1aa 存在下、MS5A を脱水剤として用い、１当量のアルデヒド 10 とカルバミン酸エステル 11a、3 当















Table 3-8. Substrate Scope of Aldehydes. 
 
Entry R 10 7 Yield (%)a ee (%)b 
1 
 
10a 7a 97 82 
2 
 
10b 7b 93 83 
3 
 
10c 7c 92 87 
4 
 
10d 7d 95 76 
5 
 
10e 7e 99 83 
6 
 
10f 7f 90 82 
7 
 
10g 7g 99 76 
8 
 
10h 7h 99 79 
9 
 
10i 7i 99 76 
10 
 
10j 7j 78 73 
11 
 
10k 7k 78 67 
12 
 
10l 7l 41 60 
13 
 
10m 7m 62 84 





続いて、アルケンの基質一般性の検討を行った（ 3-9）。7 メトキシテトラリン 12 を用いた場合、
もテトラリンと 6 同様に高い収率および良好なエナンチオ選択性で生成物を得ることができた
（Entry 2）。アルファメチルスチレンおよび芳香族置換基上を修飾したアルファメチルスチレンを用
いた場合、反応速度に低下が見られた。そこで、用いるアルケンの当量を 5 当量、触媒量を 5.0 mol%、
場合によって反応時間を 48 時間とすることで高い収率および良好なエナンチオ選択性で生成物を得
ることに成功した（Entry 3~7）。また、反応性の低いメチレンシクロヘキサン 17 を用いた場合にお



























































10 72 23 56 72 







由来のキラルリン酸 1aa の他、F8BINOL、BINOL からそれぞれ誘導したキラルリン酸 1d、1c を用い
て反応を行った。F10BINOL から誘導したキラルリン酸 1aa を用いた場合、生成物が高収率かつ良好










1aa 1d 1b 
Chiral Source F10BINOL F8BINOL BINOL 
Yield (%)a 97 55 19 
ee (%)b 80 69 36 
a Isolated yield. b Determined by chiral HPLC. 
  
                                                          
a） フッ素原子を導入することによる触媒活性の向上は、フッ素原子の電子求引性によるもと考えられる。 
b) 立体選択性の向上に関して詳細は明らかではないが、可能性の一つとして、フッ素原子の立体的、あるいは電
子的な効果による構造の変化が有効に機能したと考えられる。F10BINOL 由来のリン酸 1aa および、BINOL 由
来のリン酸 1b の計算による構造の最適化の結果、1aa の方が 1b よりもナフチル－ナフチルの二面角が大きく
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1. General Information 
1-1. Instruments and Materials 
1H NMR spectra were recorded on a JEOL ECA-600 (600 MHz) spectrometer at ambient temperature.  
Chemical shifts are reported in ppm, with solvent resonance employed as internal standard; CDCl3 (7.26 ppm), 
C6D6 (7.16 ppm), and acetone-d6 (2.06 ppm).  13C NMR spectra were recorded on a JEOL ECA-600 (151 Hz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the solvent resonance 
as the internal standard; CDCl3 (77.0 ppm), C6D6 (128.0 ppm), and acetone-d6 (206.7 ppm, 29.9 ppm).  19F 
NMR spectra were recorded on a JEOL ECA-600 (565 MHz).  Chemical shifts are reported in ppm from the 
C6H5CF3 (–67.2 ppm) resonance as the external standard.  31P NMR spectra were recorded on a JEOL ECA600 
(243 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the PPh3 
(–6 ppm) resonance as the external standard.  Infrared spectra were recorded on a Jasco FT/IR-4100 
spectrometer.  Optical rotations were measured on a Jasco P-1020 digital polarimeter with a sodium lamp and 
reported as follows; [α]T ºCD (c = g/100 mL, solvent, % ee).  The enantioselectivies were determined by ultra 
high- or high-performance liquid chromatography (UHPLC or HPLC), which was performed on a Jasco X-LC-
3000 system or a Jasco HPLC-2000 system with UV detectors.  High-resolution mass spectra analysis was 
performed on a Bruker Daltonics solariX 9.4 T spectrometer at the Research and Analytical Center for Giant 
Molecules, Graduate School of Science, Tohoku University. 
1-2. Material and Methods 
CH2Cl2, toluene, Et2O and THF were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  
Other solvents were dried over activated MS4A and used under nitrogen atmosphere. Reagents were purchased 
from commercial suppliers and used without further purification.  All reactions were carried out in flame-dried 
glassware with magnetic stirring under nitrogen atmosphere.  Analytical thin layer chromatography (TLC) was 
performed on Merck pre-coated TLC plates (silica gel 60 GF 254, 0.25 mm).  Purification of reaction products 
was carried out by flash column chromatography using silica gel 60 (spherical, neutral, 100-210 μm; KANTO 
Chemical Co., Inc.), silica gel 60 (230-400 mesh; E. Merk), and DIOL silica gel (45-75 μm; Fuji Silysia Chemical 





2. Preparation of Imine and Alkenes 
2-1. Synthesis of (E)-(9H-fluoren-9-yl)methyl benzylidene carbamate (N-Fmoc Imine, 
2aa) 
 
To a CH2Cl2 (5.0 mL) solution of FmocCl (517 mg, 2.0 mmol, 1.0 equiv.) was added N-benzylidene-TMS amine 
(500 mg, 2.8 mmol, 1.4 equiv.) at −78 °C.  After being stirred at 40 ºC for 4 h, the reaction mixture was 
concentrated under reduced pressure.  The residual mixture was washed with hexane twice to give (E)-(9H-
fluoren-9-yl)methyl benzylidene carbamate (N-Fmoc Imine, 2aa) (385 mg, 1.1 mmol, 55% yield). 
 
(E)-(9H-fluoren-9-yl)methyl benzylidene carbamate (N-Fmoc Imine, 2aa) 
1H NMR (CDCl3, 600 MHz) δ 8.91 (1H, s), 7.97 (2H, dm, J = 8.1 Hz), 7.79 (2H, d, J = 7.6 Hz), 7.68 (2H, dm, J 
= 7.4 Hz), 7.62 (1H, tt, J = 6.9 Hz, 1.4 Hz), 7.52 (2H, t, J = 7.6 Hz), 7.42 (2H, t, J = 7.6 Hz), 7.33 (2H, td, J = 
7.4 Hz, 1.1 Hz), 4.58 (2H, d, J = 7.2 Hz), 7.38 (1H, t, J = 7.2 Hz);  13C NMR (CDCl3, 151 MHz) δ 171.2, 164.0, 
143.7, 141.2, 134.0, 130.5, 129.1, 128.0, 127.3, 125.2, 120.1, 69.1, 46.9;  HRMS (ESI+) calcd. for C22H17NO2 
[M+Na] +: 350.1151, found: 350.1151;  IR (neat, cm−1) 3401, 3065, 3030, 2950, 2895, 2840, 1713, 1626, 1576, 





2-2. General Procedure for Synthesis of Alkene 
 
To a suspension of MePPh3Br (12.9 g, 36 mmol, 1.2 equiv.) and α-tetralone (4.0 mL, 30 mmol, 1.0 equiv.) in 
THF (100 mL) was added a KO(t-Bu) (1.0 M in THF, 36 mL, 36 mmol, 1.2 equiv.) at 0 °C.  After being stirred 
for 12 h at 40 °C, the reaction mixture was cooled to r.t., passed via silica gel pat (5.0 cm) with hexane (200 mL) 
and concentrated under reduced pressure. The residual crude was purified by silica gel column chromatography 
with pentane to give 1-methylene-1,2,3,4-tetrahydronaphthalene (α-methylenetetralin, 6). 
 
1-methylene-1,2,3,4-tetrahydronaphthalene(α-methylenetetralin, 6) 
1H NMR (CDCl3, 600 MHz) δ 7.64 (1H, dd, J = 7.3 Hz, 1.5 Hz), 7.18~7.12 (2H, m), 7.11~7.08 (1H, m), 5.47 
(1H, s), 4.94 (1H, m), 2.84 (2H, t, J = 6.4 Hz), 2.56~2.52 (2H, m), 1.91~1.85 (2H, m);  13C NMR (CDCl3, 151 
MHz) δ 143.6, 137.4, 134.8, 129.3, 127.7, 126.0, 124.4, 108.0, 33.4, 30.6, 24.0;  HRMS (FD+) calcd. for C11H12 
[M]+: 144.0934, found: 144.0936;  IR (neat, cm−1) 3085, 3067, 3030, 3017, 2932, 2862, 2836, 1947, 1918, 1777, 
1720, 1628, 1568, 1485, 1454, 1442, 1431, 1343, 1330, 1303, 1265, 1243, 1197, 1180, 1159, 1146, 1126, 1092, 
1047, 1036, 970, 945, 882. 
 
7-methoxy-1-methylene-1,2,3,4-tetrahydronaphthalene (12) 
1H NMR (CDCl3, 600 MHz) δ 7.14 (1H, d, J = 2.8 Hz), 7.00 (1H, d, J = 8.3 Hz), 6.76 (1H, dd, J = 8.6 Hz, 2.8 
Hz), 5.44 (1H, bs), 4.95 (1H, m), 3.80 (3H, s), 2.77 (2H, t, J = 6.2 Hz), 2.53~2.49 (2H, m), 1.87~1.82 (2H, m);  
13C NMR (CDCl3, 151 MHz) δ 158.0, 143.8, 135.7, 130.3, 130.0, 114.5, 108.7, 108.2, 55.4, 33.4, 29.9, 24.3;  
HRMS (FD+) calcd. for C12H14O [M]+: 174.1039, found: 174.1040;  IR (neat, cm−1) 3084, 2996, 2933, 2861, 
2833, 1726, 1682, 1629, 1604, 1570, 1491, 1464, 1432, 1345, 1327, 1310, 1295, 1265, 1234, 1194, 1173, 1145, 







1H NMR (CDCl3, 600 MHz) δ 7.37 (2H, dm, J = 8.3 Hz), 7.14 (2H, m), 5.33 (1H, m), 5.03 (1H, m), 2.35 (3H, 
s), 2.14 (3H, m);  13C NMR (CDCl3, 151 MHz) δ 143.3, 138.5, 137.3, 129.1, 125.6, 111.7, 22.0, 21.2;  HRMS 
(FD+) calcd. for C10H12 [M]+: 132.0934, found: 132.0936;  IR (neat, cm−1) 3087, 3051, 3027, 2972, 2944, 2919, 
2862, 1630, 1516, 1453, 1439, 1375, 1314, 1301, 1187, 1122, 1018, 886, 823. 
 
1-bromo-4-(prop-1-en-2-yl)benzene (16) 
1H NMR (CDCl3, 600 MHz) δ 7.45 (2H, dm, J = 8.5 Hz), 7.33 (2H, dm, J = 9.0 Hz), 5.36 (1H, m), 5.10 (1H, m), 
2.13 (3H, m);  13C NMR (CDCl3, 151 MHz) δ 142.3, 140.2, 131.4, 127.3, 121.5, 113.2, 21.8;  HRMS (FD+) 
calcd. for C9H9Br [M]+: 195.9882, found: 195.9885;  IR (neat, cm−1) 3087, 2973, 2944, 2918, 1899, 1629, 1589, 
1491, 1455, 1392, 1375, 1116, 1071, 1011, 895, 827, 794, 749, 735. 
 
1-methyl-3-(prop-1-en-2-yl)benzene (18) 
1H NMR (CDCl3, 600 MHz) δ 7.31~7.27 (2H, m), 7.24 (1H, t, J = 7.6 Hz), 7.10 (1H, d, J = 7.6 Hz), 2.38 (3H, 
s), 2.16 (3H, m);  13C NMR (CDCl3, 151 MHz) δ 142.3, 140.2, 131.4, 127.3, 121.5, 113.2, 21.8;  HRMS (FD+) 
calcd. for C10H12 [M]+: 132.0934, found: 132.0939;  IR (neat, cm−1) 3087, 3059, 2957, 2925, 2854, 1627, 1600, 
1579, 1455, 1378, 1304, 1271, 1261, 887, 855, 820. 
 
2-(prop-1-en-2-yl)naphthalene (20) 
1H NMR (CDCl3, 600 MHz) δ 7.86~7.78 (4H, m), 7.68 (1H, dd, J = 8.6 Hz, 1.7 Hz), 7.49~7.43 (2H, m), 5.53 
(1H, s), 5.20 (1H, m), 2.28 (3H, m);  13C NMR (CDCl3, 151 MHz) δ 143.1, 138.5, 133.5, 132.9, 128.4, 127.8, 
127.6, 126.2, 125.9, 124.4, 124.0, 113.1, 22.0;  HRMS (APCI+) calcd. for C13H12 [M]+: 168.0934, found: 
168.0934;  IR (neat, cm−1) 3092, 3053, 3001, 2973, 2951, 2859, 1955, 1928, 1924, 1905, 1838, 1780, 1619, 





3. Imino-Ene Reaction 
3-1. General Procedure for Imino-Ene Reaction 
 
To a toluene (1.0 mL) solution of α-methylene-tetralin 6 (29 mg, 0.2 mmol, 1.0 equiv.) and F10BINOL-derived 
phosphoric acid 1aa (3.4 mg, 0.005 mmol, 2.5 mol%) was added N-Fmoc imine 2aa (65.5 mg, 0.2 mmol, 1.0 
equiv.) at 40 °C.  After being stirred for 10 min, the solution was diluted with CH2Cl2 (2.0 mL), and the diluted 
solution was directly subjected onto silica gel column for purification.  The mixture was purified by silica-gel 
column chromatography (0~10% EtOAc in hexane as an eluent) to give (R)-(9H-fluoren-9-yl)methyl-1,3-
diphenylbut-3-enylcarbamate 7aa (92 mg, 0.194 mmol, 97% yield, 80% ee). 
3-2. General Procedure for Three-Component Imino-Ene Reaction 
 
To a toluene (1.0 mL) solution of benzaldehyde 10a (20 μL, 0.2 mmol, 1.0 equiv.) Fmoc amide 11a (50 mg, 
0.21 mmol, 1.05 equiv.), MS5A (50 mg), and F10BINOL-derived phosphoric acid 1aa (3.4 mg, 0.005 mmol, 2.5 
mol%) was added α-methylene-tetralin 6 (29 mg, 0.2 mmol, 1.0 equiv.) at 40 °C.  After being stirred for 24 h, 
the solution was diluted with CH2Cl2 (2.0 mL), and the diluted solution was directly subjected onto silica gel 
column for purification.  The mixture was purified by silica-gel column chromatography (0~10% EtOAc in 
hexane as an eluent) to give a product (9H-fluoren-9-yl)methyl-1,3-diphenylbut-3-enylcarbamate 7aa (87 mg, 






(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-phenylethylcarbamate (7aa) 
White solid, 97% yield, 82% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.8~7.0 (17H, m), 5.77 (1H, bs), 4.52 
(2H, m), 4.4~3.9 (3H, m), 3.0~2.6 (3H, m), 2.18 (2H, bs);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.8, 144.1, 
142.6, 141.4, 136.9, 134.2, 132.8, 128.7, 128.2, 127.9, 127.8, 127.5, 127.14, 127.13, 126.8, 126.4, 126.1, 125.2, 
122.7, 120.1, 66.7, 54.2, 47.4, 40.8, 28.4, 23.2;  HRMS (ESI+) calcd. for C33H29NO2 [M+Na]+: 494.2091, 
found: 494.2090;  IR (neat, cm−1) 3409, 3327, 3064, 3030, 2937, 2886, 2830, 1705, 1508, 1450, 1330, 1246, 
1130, 1033;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 
mL/min, 40 °C, 266 nm, 3.44 min (major) 7.85 min (minor), 81% ee;  [α]25D +10.15 (c = 0.81, CH2Cl2, 81% 
ee). 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-p-tolylethylcarbamate (7ba) 
White solid, 93% yield, 84% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.8~7.0 (16H, m), 5.78 (1H, t, J = 4.5 
Hz), 5.03 (1H, bs), 4.87 (1H, bs), 4.4~4.1 (3H, m), 2.9 (2H, m), 2.8~2.6 (2H, m), 2.35 (3H, s), 2.2 (2H, m);  13C 
NMR (CDCl3, 151 MHz, 50 °C) δ 155.9, 144.2, 141.47, 141.44, 137.0, 136.9, 134.4, 133.0, 129.4, 128.1 (bs), 
127.9, 127.7, 120.0, 66.9 (bs), 54.2, 47.8, 40.8 (bs), 28.4, 23.3, 21.2;  HRMS (ESI+) calcd. for C34H31NO2 
[M+Na]+: 508.2247, found: 508.2246;  IR (neat, cm−1) 3411, 3328, 3061, 3020, 2936, 2886, 2831, 1708, 1508, 
1452, 1333, 1241, 1127, 1110, 1080, 1038;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-
hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 3.12 min (major) 6.53 min (minor), 83% ee;  [α]26D +14.66 






(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(4-methoxyphenyl)  
ethylcarbamate (7ca) 
White solid, 95% yield, 76% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.9~7.0 (14H, m), 6.89 (2H, d, J = 8.4 
Hz), 5.78 (1H, bs), 5.3~5.1 (1H, m), 5.1~4.7 (1H, m), 4.5~4.0 (3H, m), 3.82 (3H, s), 3.1~2.6 (4H, m), 2.2 (2H, 
bs);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 158.9, 155.8, 144.1, 141.4, 136.9, 134.7, 134.2, 132.9, 128.2, 127.9, 
127.7, 127.6, 127.1, 126.7, 125.1, 122.7, 120.1, 114.1, 66.6, 55.4, 53.7, 47.4, 40.7, 28.3, 23.2, (some peaks were 
overlapped.);  HRMS (ESI+) calcd. for C34H31NO3 [M+Na]+: 524.2196, found: 524.2196;  IR (neat, cm−1) 
3412, 3330, 3064, 3039, 3018, 2934, 2885, 2832, 2364, 2356, 2309, 1700, 1611, 1512, 1450, 1329, 1297, 1245, 
1178, 1131, 1109, 1075, 1034, 831;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-
hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 4.51 min (major) 8.22 min (minor), 76% ee;  [α]26D +13.55 
(c = 0.31, CH2Cl2, 76% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 1-(4-bromophenyl)-2-(3,4-dihydronaphthalen-1-yl)  
ethylcarbamate (7da) 
White solid, 93% yield, 87% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.9~6.9 (16H, m), 5.75 (1H, t, J = 4.5 
Hz), 5.2~4.9 (1H, m), 4.9~4.5 (1H, m), 4.5~4.2 (2H, m), 4.2~3.9 (1H, m), 2.9~2.5 (4H, m), 2.4~2.1 (2H, m);  
13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.7, 144.0, 141.2, 136.8, 134.0, 132.5, 131.7, 128.5, 128.0, 127.9, 127.7, 
127.2, 127.0, 126.7, 124.9, 122.5, 121.2, 120.0, 66.8, 53.8, 47.4, 40.7, 28.3, 23.2;  HRMS (ESI+) calcd. for 
C33H28BrNO2 [M+Na]+: 572.1196, found: 574.1195;  IR (neat, cm−1) 3411, 3330, 3067, 3008, 2990, 2929, 2883, 







White solid, 99% yield, 83% ee;  1H NMR (CDCl3, 600 MHz, 25 °C) δ 7.8~7.1 (13H, m), 6.5~6.2 (3H, m), 
5.81 (1H, bs), 5.2~5.0 (1H, m), 4.82 (1H, bs), 4.4~3.9 (3H, m), 3.76 (3H, s), 3.0~2.6 (4H, m), 2.18 (2H, bs);  
13C NMR (CDCl3, 151 MHz, 25 °C) δ 161.1, 155.8, 145.3, 144.1, 141.4, 136.9, 134.2, 132.8, 128.2, 127.9, 127.8, 
127.2, 127.1, 126.8, 125.2, 122.7, 120.8, 104.6, 99.2, 66.8, 55.5, 54.4, 47.4, 40.7, 28.4, 23.3;  HRMS (ESI+) 
calcd. for C35H33NO4 [M+Na]+: 554.2302, found: 554.2301;  IR (neat, cm−1) 3402, 3337, 3063, 3018, 2937, 
2884, 2835, 1706, 1597, 1520, 1450, 1432, 1327, 1295, 1245, 1204, 1154, 1066, 1041, 928, 836;  UHPLC 
analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 
4.96 min (major) 8.54 min (minor), 83% ee;  [α]26D +8.12 (c = 0.94, CH2Cl2, 83% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-o-tolylethylcarbamate (7fa) 
White solid, 83% yield, 80% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.9~7.0 (16H, m), 5.9~5.7 (1H, m), 
5.3~5.1 (2H, m), 4.5~4.0 (3H, m), 3.1~2.6 (m, 4H), 2.31 (s, 3H), 2.19 (2H, bs);  13C NMR (CDCl3, 151 MHz, 
50 °C) δ 155.7, 144.1, 141.4, 140.8, 136.8, 135.8, 134.4, 132.8, 130.7, 128.8, 128.1, 127.9, 127.7, 127.3, 127.1, 
126.7, 126.5, 125.3, 125.2, 122.6, 120.1, 66.7, 50.1, 47.4, 39.9, 28.4, 23.2, 19.4;  HRMS (ESI+) calcd. for 
C34H31NO2 [M+Na]+: 508.2247, found: 508.2246;  IR (neat, cm−1) 3411, 3329, 3063, 3021, 2938, 2888, 2829, 
1706, 1506, 1449, 1408, 1331, 1288, 1244, 1130, 1106, 1039;  UHPLC analysis DAICEL CHIRALPACK IB-
3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 2.86 min (major) 6.71 min (minor), 







White solid, 97% yield, 76% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.8~6.9 (16H, m), 5.9~5.1 (3H, m), 
4.4~3.7 (6H, m), 3.2~2.6 (4H, m), 2.4~2.0 (2H, m);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 157.0, 155.8, 144.2, 
144.2, 144.0, 141.4, 141.2, 136.9, 136.8, 134.5, 134.4, 133.5, 135.6, 33.3, 131.1, 129.9, 128.5, 128.4, 127.72, 
127.65, 12.3, 127.1, 126.9, 126.7, 125.2, 123.0, 121.0, 120.8, 120.0, 119.9, 110.9, 67.5, 66.7, 55.5, 52.4, 51.5, 
47.4, 47.1, 40.0, 39.0, 29.8, 28.5, 23.2, (rotation isomer peaks were observed.);  HRMS (ESI+) calcd. for 
C34H31NO3 [M+Na]+: 524.2196, found: 524.2196;  IR (neat, cm−1) 3434, 3334, 3065, 3038, 2937, 2886, 2833, 
1708, 1600, 1507, 1490, 1466, 1451, 1406, 1332, 1242, 1029;  UHPLC analysis DAICEL CHIRALPACK IB-
3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 2.69 min (major) 3.84 min (minor), 
75% ee;  [α]26D +5.31 (c = 0.45, CH2Cl2, 75% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(naphthalen-1-yl)  
ethylcarbamate (7ha) 
White solid, 90% yield, 79% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 8.2~6.9 (19H, m), 5.81 (2H, bs), 5.23 
(1H, bs), 4.6~3.9 (3H, m), 3.3~2.9 (2H, m), 2.67 (1H, bs), 2.54 (1H, bs), 2.15 (2H, m);  13C NMR (CDCl3, 151 
MHz, 50 °C) δ 155.9, 144.1, 141.4, 138.7 (bs), 137.0, 134.6, 134.1, 133.0, 131.2, 129.0, 128.1, 127.8, 127.7, 
127.1, 127.0, 126.6, 126.4, 125.7, 125.4, 125.1, 123.1, 122.6, 120.0, 66.7 (bs), 50.3, 47.5, 39.8 (bs), 28.3, 23.2, 
(some peaks were overlapped.);  HRMS (ESI+) calcd. for C37H31NO2 [M+Na]+: 544.2247, found: 544.2246;  
IR (neat, cm−1) 3418, 3334, 3064, 3032, 2926, 2856, 2834, 1706, 1530, 1508, 1451, 1337, 1248, 1137, 1129, 
1079, 1028;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 







White solid, 99% yield, 83% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.9~7.1 (19H, m), 5.78 (1H, t, J = 4.5 
Hz), 5.15 (1H, bs), 5.07 (1H, bs), 4.5~4.1 (3H, m), 3.1~2.9 (2H, m), 2.8~2.6 (2H, m), 2.22 (2H, m);  13C NMR 
(CDCl3, 151 MHz, 50 °C) δ 155.9, 144.1, 141.4, 140.1 (bs), 136.9, 134.3, 133.6, 130.0, 132.8, 128.0, 127.9, 
127.8, 127.7, 127.2, 127.0, 126.7, 126.2, 125.9, 125.1, 124.5 (bs), 122.7, 120.0, 66.9 (bs), 54.5, 47.4, 40.8 (bs), 
28.4, 23.2, (some peaks were overlapped.);  HRMS (ESI+) calcd. for C37H31NO2 [M+Na]+: 544.2247, found: 
544.2246;  IR (neat, cm−1) 3413, 3322, 3053, 3021, 2931, 2888, 2831, 1706, 1510, 1451, 1332, 1243, 1119, 
1071, 1031;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 
mL/min, 40 °C, 266 nm, 4.48 min (major) 9.19 min (minor), 75% ee;  [α]26D +2.37 (c = 0.59, CH2Cl2, 75% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(furan-2-yl)ethylcarbamate (7ja) 
White solid, 78% yield, 73% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.75 (2H, d, J = 7.2 Hz), 7.54 (2H, bs), 
7.43~7.10 (11H, m), 6.28 (1H, m), 6.09 (1H, bs), 5.81 (1H, t, J = 4.5 Hz), 5.04 (2H, bs), 4.40 (1H, m), 4.34 (1H, 
m), 4.18 (1H, bs), 3.05~2.87 (2H, m), 2.67 (2H, m), 2.19 (2H, bs);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.7, 
144.11, 144.07, 144.8, 141.4, 136.7, 134.3, 132.5, 128.2, 127.7, 127.1, 126.9, 126.7, 125.1, 122.6, 112.0, 110.2, 
106.4, 66.9, 48.8, 47.4, 37.9, 28.4, 23.2;  HRMS (ESI+) calcd. for C31H27NO3 [M+Na]:484.1883, found: 
484.1882;  IR (neat, cm−1) 3405, 3321, 3064, 3020, 2935, 2886, 2830, 1705, 1507, 1448, 1328, 1286, 1248, 
1223, 1147, 1131, 1076, 1040, 1033, 1011, 940, 917, 882, 809;  UHPLC analysis DAICEL CHIRALPACK IB-







(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(thiophen-2-yl)ethylcarbamate (7ka) 
White solid, 78% yield, 67% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.74 (2H, d, J = 7.6 Hz), 7.51 (2H, bs), 
7.38 (2H, t, J = 7.6 Hz), 7.35 (1H, m), 7.30~7.19 (4H, m), 7.16~7.12 (2H, m), 6.96~6.90 (2H, m), 5.86 (1H, t, J 
= 4.5 Hz), 5.23 (1H, m), 5.00 (1H, bs), 4.40~4.30 (2H, m), 4.16 (1H, bs), 3.10~2.90 (2H, m), 2.74~2.63 (2H, m), 
2.23~2.17(2H, m);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.6, 144.10, 144.06, 141.4, 136.8, 134.2, 132.6, 
128.5 (bs), 127.8, 127.7, 127.1, 126.8, 126.7, 125.13, 125.11, 124.3 (bs), 124.1, 122.5, 120.0, 67.0 (bs), 50.4, 
47.4, 41.1 (bs), 28.3, 23.3;  HRMS (ESI+) calcd. for C31H27NO2S [M+Na]+: 500.1655, found: 500.1654;  IR 
(neat, cm−1) 3406, 3329, 3064, 3023, 2937, 2883, 2831, 1699, 1508, 1451, 1413, 1324, 1245, 1124, 1077, 1033;  
UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 
266 nm, 3.38 min (major) 6.52 min (minor), 67% ee;  [α]26D +20.45 (c = 0.46, CH2Cl2, 67% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 1-cyclohexyl-2-(3,4-dihydronaphthalen-1-yl)ethylcarbamate (7la) 
White solid, 41% yield, 60% ee;  1H NMR (CDCl3, 600 MHz, 25 °C) δ 7.78~7.04 (12H, m), 5.90~5.76 (1H, 
m), 4.56~3.61 (5H, m), 2.85~2.65 (3H, m), 2.59~2.11 (3H, m), 1.87~1.63 (5H, m), 1.57~0.95 (6H, m), (rotation 
isomer peaks were observed.);  13C NMR (CDCl3, 151 MHz, 25 °C) δ 156.2, 144.3, 144.1, 141.4, 136.8, 134.6, 
133.6, 127.8, 127.7, 127.3, 127.0, 126.9, 126.6, 125.2, 122.6, 120.0, 66.4, 54.3, 47.5, 41.7, 35.5, 29.8, 28.5, 28.0, 
26.6, 26.4, 23.3, (rotation isomer peaks were observed.);  HRMS (ESI+) calcd. for C33H35NO2 [M+Na]+: 
500.2560, found: 500.2559;  IR (neat, cm−1) 3418, 3328, 3065, 3018, 2925, 2850, 1696, 1537, 1515, 1449, 1336, 
1327, 1245, 1126, 1080, 1060, 1038, 1021, 937;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 
mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 2.04 min (major) 4.36 min (minor), 56% ee;  [α]25D 







Yellow oil, 62% yield, 84% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.74 (2H, m), 7.55 (2H, d, J = 6.9 Hz), 
7.43~7.13 (12H, m), 6.37 (1H, s), 5.92 (1H, s), 4.86 (1H, bs), 4.50~4.34 (3H, m), 4.19 (1H, bs), 2.85 (1H, dd, J 
= 14.3 Hz, 6.3 Hz), 2.71 (3H, m), 2.25 (2H, m), 1.19 (3H, s);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 144.2, 
144.1, 141.43, 141.41, 137.7, 137.5, 136.9, 134.3, 133.1, 129.0, 128.1, 127.8, 127.7, 127.1, 126.7, 126.64, 126.56, 
125.1, 125.0, 122.6, 119.97, 119.95, 66.8, 57.5, 47.5, 37.7, 28.5, 23.3, 14.5;  UHPLC analysis DAICEL 
CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 4.01 min (major) 




White solid, 99% yield, 83% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.8~6.9 (15H, m), 6.68 (1H, dd, J = 
8.3Hz, 2.4 Hz), 5.75 (1H, t, J = 4.5 Hz), 5.2~5.0 (1H, m), 5.0~4.8 (1H, m), 4.5~4.1 (3H, m), 3.84 (3H, s), 3.0~2.5 
(4H, m), 2.3~2.1 (2H, m);  13C NMR (CDCl3, 151 MHz) δ 158.6, 155.8, 144.0, 141.4, 128.7, 128.4, 127.7, 
127.5, 127.1, 126.4, 125.1, 120.0, 115.6, 109.6, 66.8, 55.5, 54.3, 40.8, 27.4, 23.6;  HRMS (ESI+) calcd. for 
C34H31NO3 [M+Na]+: 524.2196, found: 524.2195;  IR (neat, cm−1) 3412, 3334, 3066, 3030, 2936, 2882, 2831, 
1708, 1604, 1571, 1493, 1465, 1451, 1422, 1328, 1300, 1277, 1253, 1218, 1169, 1132, 1081, 1046, 868, 810;  
UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 






(R)-(9H-fluoren-9-yl)methyl 1,3-diphenylbut-3-enylcarbamate (4aa) 
The reaction was conducted with 5.0 mol% of catalyst and 5.0 equivalent of alkene;  white solid, 99% yield, 
83%ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.8~7.0 (18H, m), 5.30 (1H, bs), 5.1~4.9 (2H, m), 4.8~4.6 (1H, 
m), 4.4~3.9 (3H, m), 3.1~2.7 (2H, m);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.6, 144.8, 144.1, 144.0, 142.2, 
141.4, 140.4, 128.7, 127.9, 127.8, 127.5, 127.1, 126.4, 125.2, 120.1, 115.9, 66.6, 54.2, 47.4, 43.1.  HRMS 
(ESI+) calcd. for C31H27NO2 [M+Na]+: 468.1934, found: 468.1934;  IR (neat, cm−1) 3412, 3325, 3063, 3030, 
2944, 2840, 1829, 1705, 1597, 1525, 1495, 1477, 1450, 1409, 1331, 1254, 1177, 1113, 1080, 1029, 905;  
UHPLC analysis DAICEL CHIRALPAK IB-3 2.1×150 mm, n-hexane:2-PrOH = 90:10, 0.5 mL/min, 40 °C, 266 
nm, 6.08 min (major), 11.46 (minor), 86% ee;  [α]25D +3.90 (c = 0.36, CH2Cl2, 86% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 1-phenyl-3-p-tolylbut-3-enylcarbamate (15) 
The reaction was conducted with 5.0 mol% of catalyst and 5.0 equivalent of alkene;  white solid, 90% yield, 
81% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.76 (2H, d, J = 7.2 Hz), 7.63~7.25 (13H, m), 7.17 (2H, d, J = 
7.9 Hz), 5.30 (1H, s), 5.09 (1H, d, J =6.9 Hz), 5.01 (1H, s), 4.81 (1H, s), 4.39 (1H, bs), 4.31 (1H, m), 4.16 (1H, 
bs), 3.10~2.80 (2H, m), 2.37 (3H, s);  13C NMR (151 MHz, CDCl3, 50 °C) δ 155.7, 144.7, 144.2, 144.1, 141.4, 
137.6, 129.3, 128.6, 127.7, 127.4, 127.08, 127.07, 126.4, 126.3, 125.1, 119.9, 115.0, 66.9, 54.4, 47.5, 43.2, 21.1;  
HRMS (ESI+) calcd. for C32H29NO2 [M+Na]+: 482.2091, found: 482.2090;  IR (neat, cm−1) 3415, 3331, 3063, 
3029, 2946, 2918, 1696, 1514, 1448, 1407, 1326, 1245, 1134, 1105, 1079, 1030, 903, 824;  UHPLC analysis 
DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 3.04 min 






(R)-(9H-fluoren-9-yl)methyl 3-(4-bromophenyl)-1-phenylbut-3-enylcarbamate (17) 
The reaction was conducted with 5.0 mol% of catalyst and 5.0 equivalent of alkene;  white solid, 88% yield, 
83% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.74 (2H, d, J = 6.9 Hz), 7.60~7.10 (15H, m), 5.27 (1H, bs), 
5.03 (1H, s), 4.94 (1H, bs), 4.74 (1H, bs), 4.39 (1H, m), 4.33 (1H, m), 4.15 (1H, bs), 2.94 (2H, m);  13C NMR 
(CDCl3, 151 MHz, 50 °C) δ 155.7, 144.1, 144.0, 143.9, 141.4, 139.5, 131.7, 128.7, 128.0, 127.7, 127.6, 127.1, 
126.9, 126.4, 125.0, 121.9, 120.0, 116.3, 66.8, 54.3, 47.5, 42.9;  HRMS (ESI+): calcd. for C30H26BrNO2 
[M+Na]+: 548.1039, found: 548.1038;  IR (neat, cm−1) ;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 
× 150 mm, n-hexane:2-PrOH = 80:20 0.5 mL/min, 40 °C, 266 nm, 2.41 min (major) 7.72 min (minor), 81% ee;  
[α]26D −6.92 (c = 0.19, CH2Cl2, 81% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 1-phenyl-3-m-tolylbut-3-enylcarbamate (19) 
The reaction was conducted with 5.0 mol% of catalyst and 5.0 equivalent of alkene for 48 h;  white solid, 93% 
yield, 76% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 7.75 (2H, d, J = 6.9 Hz), 7.65~7.09 (15H, m), 5.31 (1H, 
s), 5.04 (2h, bs), 4.79 (1H, bs), 4.42~4.06 (3H, m), 3.04~2.80 (2H, m), 2.36 (3H, s);  13C NMR (CDCl3, 151 
MHz, 50 °C) δ 155.8, 144.12, 144.07, 141.4, 140.6, 138.1, 128.6, 128.4, 127.6, 127.4, 127.10, 127.06, 127.04, 
126.3, 125.1, 123.5, 120.0, 115.5, 66.8, 54.3, 47.4, 43.3, 21.5;  HRMS (ESI+) calcd. for C32H29NO2 [M+Na]+: 
482.2091, found: 482.2090;  IR (neat, cm−1) 3412, 3332, 3065, 3039, 2950, 1709, 1603, 1581, 1548, 1512, 1450, 
1329, 1247, 1137, 1107, 1078, 1029, 902;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-
hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 2.96 min (major) 5.32 min (minor), 88% ee;  [α]25D +3.55 






(R)-(9H-fluoren-9-yl)methyl 3-(naphthalen-2-yl)-1-phenylbut-3-enylcarbamate (21) 
The reaction was conducted with 5.0 mol% of catalyst and 5.0 equivalent of alkene for 48 h,  white solid, 93% 
yield, 79% ee;  1H NMR (CDCl3, 600 MHz, 50 °C) δ 8.0~6.9 (20H, m), 5.47 (1H, bs), 5.3~5.1 (2H, m), 5.0~4.5 
(1H, m), 4.5~3.9 (3H, m), 2.8~3.2 (2H, m);  13C NMR (CDCl3, 151 MHz, 50 °C) δ 155.7, 144.6, 144.1, 144.0, 
142.2, 121.4, 137.6, 133.5, 133.1, 132.0, 130.0, 129.0, 128.7, 128.4, 128.3, 127.7, 127.6, 127.1, 126.5, 126.4, 
126.2, 125.1, 124.7, 120.1, 116.3, 66.7, 54.3, 47.4, 43.0;  HRMS (ESI+) calcd. for C35H29NO2 [M+Na]+: 
518.2091, found: 518.2090;  IR (neat, cm−1) 3416, 3329, 3057, 2950, 1706, 1627, 1601, 1506, 1452, 1407, 1333, 
1245, 1132, 1079, 1031, 894, 859, 820;  UHPLC analysis DAICEL CHIRALPACK IB-3 2.1 × 150 mm, n-
hexane:2-PrOH = 90:10 0.5 mL/min, 40 °C, 266 nm, 3.67 min (major) 8.70 min (minor), 82% ee;  [α]26D −7.48 
(c = 0.79, CH2Cl2, 82% ee). 
 
(R)-(9H-fluoren-9-yl)methyl 2-cyclohexenyl-1-phenylethylcarbamate (23) 
The reaction was conducted with 10 mol% of catalyst and 10 equivalent of alkene for 72 h;  white solid, 56% 
yield, 72% ee;  1H NMR (CDCl3, 600 MHz) δ 7.84~7.10 (13H, m), 5.49 (1H, s), 5.20~4.05 (5H, m), 2.49~1.48 
(10H, m);  13C NMR (CDCl3, 151 MHz) δ 144.1, 144.0, 134.1, 128.6, 127.7, 127.2, 127.11, 127.08, 126.1, 
125.3, 125.1, 120.0, 66.6, 53.1, 47.4, 46.2, 28.0, 25.4, 22.9, 22.3;  HRMS (ESI+) calcd. for C29H29NO2 
[M+Na]+: 446.2091, found: 446.2090;  IR (neat, cm−1) 3418, 3334, 3064, 3032, 2926, 2856, 2834, 1706, 1530, 





4. Determination of Absolute Configuration 
4-1. Synthesis of (R)-1,3-diphenylbut-3-en-1-amine (8) 
 
To a CH2Cl2 (800 μL) solution of (9H-fluoren-9-yl)methyl 1,3-diphenylbut-3-enylcarbamate (4aa) (39 mg, 0.086 
mmol, 1.0 equiv.) was added pyrrolidine (200 μL, 2.4 mmol, 28 equiv.).  After being stirred for 3 h, the mixture 
was concentrated under reduced pressure.  The residual crude mixture was diluted with CH2Cl2 and the diluted 
solution was directly subjected onto NH silica gel column for purification.  The mixture was purified by NH 
silica-gel column chromatography eluted with 0~10% EtOAc in hexane to give (R)-1,3-diphenylbut-3-en-1-
amine (8) (18 mg, 0.080 mmol, 94% yield). 
 
(R)-1,3-diphenylbut-3-en-1-amine (8) 
1H NMR (CDCl3, 600 MHz) δ 7.45~7.43 (2H, m), 7.39~7.29 (7H, m), 7.26~7.22 (1H, m), 5.36 (1H, d, J = 1.4 
Hz), 5.13 (1H, bs), 3.99 (1H, dd, J = 9.3 Hz, 4.8 Hz), 2.97 (1H, ddd, J = 14.0 Hz, 4.5 Hz, 1.0 Hz), 2.70 (1H, ddd, 
J = 13.9 Hz, 9.3 Hz, 0.7 Hz);  13C NMR (CDCl3, 151 MHz) δ 146.0, 145.9, 140.6, 128.6, 128.5, 127.7, 127.1, 
126.4, 58.8, 46.4;  HRMS (ESI+) calcd. for C16H17N [M+H]+: 224.1434, found: 224.1433;  IR (neat, cm−1) 
3371, 3082, 3059, 3028, 2933, 2869, 1626, 1604, 1576, 1494, 1453, 1068, 1039, 902, 849;  [α]25D −47.41 (c = 





4-2. Synthesis of (R)-N-(1,3-diphenylbut-3-enyl)-P,P-diphenylphosphinic amide (9) 
 
To a CH2Cl2 (1.0 mL) solution of (R)-1,3-diphenylbut-3-en-1-amine (8) (16 mg, 0.072 mmol, 1.0 equiv.) and 
NEt3 (42 μL, 0.30 mmol, 4.0 equiv.) was added chlorodiphenyl phosphine (20 μL, 0.11 mmol, 1.5 equiv.) at 0 C.  
After being stirred at room temperature for 12 h, the resulting solution was quenched with H2O (1.0 mL) and 
extracted with CH2Cl2 (~10 mL × 3).  The combined CH2Cl2 extracts were washed with H2O (~10 mL × 2) and 
brine (~10 mL), dried over MgSO4 and concentrated under reduced pressure after filtration.  The residual crude 
oil was purified by NH silica gel column chromatography to give (R)-N-(1,3-diphenylbut-3-enyl)-P,P-
diphenylphosphinic amide (9) as a white solid (20 mg, 0.046 mmol, 64% yield, 85% ee). 
 
(R)-N-(1,3-diphenylbut-3-enyl)-P,P-diphenylphosphinic amide (9) 
1H NMR (CDCl3, 600 MHz) δ 7.73 (4H, ddm, J = 7.0 Hz, 11.9 Hz, 7.44 (2H, dtdm, J = 17.9 Hz, 7.6 Hz, 1.0 Hz), 
7.34 (4H, dtdm, J = 18.9 Hz, 7.6 Hz, 3.4 Hz), 7.27~7.16 (8H, m), 7.06 (2H, d, J = 7.2 Hz), 5.21 (1H, d, J = 1.4 
Hz), 4.87 (1H, bs), 4.26 (1H, m), 3.28 (1H, dd, J = 8.6 Hz, 5.8 Hz), 3.25 (1H, dd, J = 14.4 Hz, 6.2 Hz), 2.99 (1H, 
dd, J = 14.3 Hz, 8.0 Hz);  13C NMR (CDCl3, 151 MHz) δ 144.6, 143.0 (d, J = 6 Hz), 140.2, 133.1 (d, J = 71 
Hz), 132.2 (dd, J = 65 Hz, 8.7 Hz), 131.8 (m), 128.6~128.3 (m), 127.4 (d, J = 52 Hz), 126.5 (d, J = 55 Hz), 54.8, 
45.7 (d, J = 4.3 Hz);  31P NMR (CDCl3, 243 MHz) δ 22.5 (s);  HRMS (ESI+) calcd. for C28H26NOP [M+H]+: 
424.1825, found: 424.1824;  IR (neat, cm−1) 3175, 3078, 3058, 3028, 2925, 1495, 1438, 1186, 1123, 1068, 1027, 
960, 897;  HPLC analysis DAICEL CHIRALCEL OD-3 4.6 × 250 mm, n-hexane:2-PrOH = 92:8 0.8 mL/min, 





5. Preparation of Phosphoric Acid not derived from F10BINOL 
5-1. Preparation of F12BINOL-derived Phosphoric Acid 
5-1-1. Synthesis of Sodium (R)-F12BINOL phosphate S1 
 
Preparation of BnOPOCl2 solution: To a toluene (1.0 mL) solution of POCl3 (93 μL, 1.0 mmol, 1.0 equiv.) was 
added dropwise a toluene (1.0 mL) solution of NEt3 (139 μL, 1.0 mmol, 1.0 equiv.) and BnOH (103 μL, 1.0 
mmol, 1.0 equiv.) at 0 °C.  The reaction mixture was stirred for 6 h.  Preparation of solution of sodium 
F12binaphtholate: To a THF (1 mL) suspension of NaH (90 mg 60% in oil, 2.2 mmol, 2.2 equiv.) was added a 
THF (1.0 mL) solution of F12BINOL (502 mg, 1.0 mmol, 1.0 equiv.) at 0 °C.  The resulting solution was stirred 
for 2 h. Synthesis of sodium (R)-F12BINOL phosphate: To a toluene solution of BnOPOCl2 was added the THF 
solution of sodium F12binaphtholate.  After being stirred for 12 h, the mixture was passed via a pad of celite 
and the filtrate was evaporated.  The residual oil was dissolved in acetone (1.0 mL), and NaI (150 mg, 1.0 mmol, 
1.0 equiv.) was added.  After being stirred for 30 min, organic solvent was evacuated and residual crude mixture 
was purified by silica-gel column chromatography (10~80% acetone in CH2Cl2 as an eluent) to give a product 
as sodium (R)-F12BINOL phosphate S1 (400 mg, 0.69 mmol, 69% yield). 
 
(R)-F12BINOL phosphate S1 
13C NMR (acetone-d6, 151 MHz) δ 146.0~137.0 (m), 116.4, 108.6;  19F NMR (acetone-d6, 565 MHz) δ −141.5 
(2F, t, J = 15.5 Hz), −142.7 (2F, dd, J = 65.6 Hz, 16.0 Hz), −147.9 (2F, dm, J = 65.6 Hz), −152.4 (2F, m), −157.9 
(2F, m), −159.5 (2F, m);  31P NMR (acetone-d6, 243 MHz) δ 4.81 (s);  HRMS (ESI−) calcd. for C20F12O4PNa 
[M−Na]−: 562.9348, found: 562.9346;  IR (neat, cm−1) 1701, 1667, 1529, 1500, 1481, 1431, 1384, 1229, 1187, 





5-1-2. Synthesis of (R)-F12BINOL-derived phosphoric acid 1ae 
 
To a CH2Cl2 solution (2.0 mL) of sodium (R)-F12BINOL phosphate S1 (56 mg, 0.1 mmol, 1.0 equiv.) was added 
Amberlyst 15 hydrogen form (100 mg).  After being stirred for 30 min, the resulting suspension was filtered 
and the filtrate was evaporated to give a product as F12BINOL-derived phosphoric acid 1ae (51 mg, 0.9 mmol, 
94% yield). 
 
(R)-F12BINOL-derived phosphoric acid 1ae 
1H NMR (CDCl3, 600 MHz) δ 11.39 (bs);  13C NMR (CDCl3, 151 MHz) δ 147.0~137.0 (m), 116.2, 115.4, 109.7;  
19F NMR (acetone-d6, 565 MHz) δ −140.1 (2F, dd, J = 66.6 Hz, 15.5 Hz), −140.6 (2F, t, J = 15.5 Hz), −147.0 
(2F, dt, J = 66.0 Hz, 14.2 Hz), −153.3 (2F, m), −156.3 (2F, m), −157.6 (2F, t, J = 19.0 Hz);  31P NMR (CDCl3, 
243 MHz) δ 2.25 (s);  HRMS (ESI−) calcd. for C20HF12O4P [M−H]−: 562.9348, found: 562.9346;  IR (neat, 
cm−1) 3383, 1664, 1618, 1523, 1479, 1379, 1208, 1094, 1017, 873;  [α]25D −132.30 (c = 0.44, CH2Cl2, 99% ee);  





5-2. Preparation of F8BINOL-derived Phosphoric Acid 
5-2-1. Optical Resolution of 5,5′,6,6′,7,7′,8,8′-octafluoro-1,1′-binaphthyl- 
2,2′-diol (F8BINOL, S2) 
 
The optical resolution of the titled compound was performed in accordance with procedure for that of F12BINOL 
reported by Piersa.  To an Et2O (113 mL) solution of F8BINOL S2 (2.4 g, 5.7 mmol, 1.0 equiv.) and NEt3 (1.76 
mL, 12.5 mmol, 2.2 equiv.) was added (S)-(−)-2-Acetoxypropionyl Chloride (1.6 mL, 12.5 mmol, 2.2 equiv.) at 
0 °C.  After being stirred for 12 h, the mixture was diluted with hexane, passed via Celite and concentrated 
under reduced pressure.  The residual crude was purified by silica gel column chromatography (0~10% Et2O in 
hexane as an eluent) to give (2S,2′S)-((R)-5,5′,6,6′,7,7′,8,8′-octafluoro-1,1′-binaphthyl-2,2′-diyl) bis(2-
acetoxypropanoate) (S3).  S3 was recrystallized from Et2O to give colorless crystal (1.0 g, 1.65 mmol, 29% 
yield, >99% de).  To a THF (8.2 mL) solution of S3 was added 1.0 M LiOH aq. (5 mL, 5.0 mmol, 5.0 equiv.). 
After being stirred for 24 h, the mixture was quenched with 1.0 M HCl aq. (~20 mL) and extracted with Et2O 
(~20 mL × 3).  The combined extracts were washed with H2O (~20 mL × 3) and brine (~20 mL), dried over 
Na2SO4 and concentrated under reduced pressure after filtration.  The residual mixture was purified by silica 
gel column chromatography (0~20% Et2O as an eluent) to give (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-1,1′-binaphthyl-
2,2′-diol ((R)-F8BINOL, S4) (503 mg, 1.17 mmol, 71% yield, >99% ee). 
  
                                                          





(2S,2′S)-((R)-5,5′,6,6′,7,7′,8,8′-octafluoro-1,1′-binaphthyl-2,2′-diyl) bis(2-acetoxypropanoate) (S3) 
1H NMR (CDCl3, 600 MHz) δ 8.22 (2H, d, J = 9.3 Hz), 7.52 (2H, d, J = 9.3 Hz), 4.85 (2H, q, J =7.2 Hz), 1.95 
(6H, s), 0.89 (6H, d, J = 7.2 Hz);  13C NMR (CDCl3, 151 MHz) δ 170.2, 168.6, 147.5, 143.2 (ddm, J = 255 Hz, 
8.0 Hz), 142.1 (dm, J = 253 Hz), 139.6 (dt, J = 253 Hz, 15 Hz), 137.3 (dt, J = 253.4 Hz, 15 Hz), 123.2, 122.4, 
120.4, 119.5 (dm, J = 7 Hz), 118.4 (d, J = 15 Hz), 68.3, 20.2, 15.9;  19F NMR (CDCl3, 565 MHz) δ −142.8 (2F, 
t, J = 16.4 Hz), −148.2 (2F, t, J = 16.7 Hz), −155.6 (2F, t, J = 18.6 Hz), −157.7 (2F, t, J = 19.5 Hz);  HRMS(ESI+) 
calcd. C30H18F8O8 [M+Na]+: 681.0766, found: 681.0766;  IR (neat, cm−1) 2994, 2942, 1779, 1748, 1671, 1610, 
1522, 1497, 1482, 1460, 1406, 1373, 1349, 1225, 1198, 1166, 1139, 1126, 1091, 1063, 1029, 1011, 968, 946, 
925, 889, 865, 822;  [α]25D −133.4 (c = 0.60, CH2Cl2, 99% ee). 
 
(R)-5,5′,6,6′,7,7′,8,8′-octafluoro-1,1′-binaphthyl-2,2′-diol ((R)-F8BINOL, S4) 





5-2-3. Synthesis of (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-bis(methoxymethoxy)-1,1′-
binaphthyl ((R)- F8MOMBINOL, S5) 
 
To a suspension of NaH (60% in oil, 105 mg, 2.6 mmol, 2.2 equiv.) in DMF (0.4 mL) and THF (2.6 mL) was 
added a THF (1.0 mL) solution of (R)-F8BINOL S4 (301 mg, 1.2 mmol, 1.0 equiv.) via cannula at 0 °C.  The 
reaction mixture was stirred for 30 min at 0 °C.  To the resulting mixture was added MOMCl (228 μL, 3.0 
mmol, 2.5 equiv.).  After being stirred for 3 h at 40 °C, the reaction mixture was quenched with H2O (20 mL) 
and extracted with ethyl acetate and hexane 10:1 (33 mL × 3).  The combined organic extracts were washed 
with H2O (20 mL× 2) and brine (20 mL), dried over Na2SO4, and concentrated under reduced pressure after 
filtration.  The residual crude was purified by silica gel column chromatography (0~5% Et2O in hexane as an 
eluent) to give (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-bis(methoxymethoxy)-1,1′-binaphthyl ((R)- F8MOMBINOL, 
S5) (474 mg, 0.91 mmol, 75% yield). 
 
(R)-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-bis(methoxymethoxy)-1,1′-binaphthyl ((R)- F8MOMBINOL, S5) 
1H NMR (CDCl3, 600 MHz) δ 8.14 (2H, d, J = 9.3 Hz), 7.66 (2H, d, J = 9.6 Hz), 5.09 (4H, dd, J = 7.2 Hz, 11.0 
Hz), 3.24 (6H, s);  13C NMR (CDCl3, 151 MHz) δ 154.0, 142.9 (dd, J = 253 Hz, 8 Hz), 142.2 (dm, J = 250 Hz), 
139.3 (dt, J = 251 Hz, 16 Hz), 136.2 (dt, J = 252 Hz, 16 Hz), 121.9, 120.3 (m), 117.7 (m), 117.6, 116.2 (d, J = 
13 Hz), 94.9, 55.9;  19F NMR (CDCl3, 565 MHz) δ −146.4 (2F, t, J = 16.4 Hz), −149.7 (2F, dd, J = 18 Hz, 15 
Hz), −158.4 (2F, t, J = 18 Hz), −162.2 (2F, t, J = 19 Hz);  HRMS(ESI+)  ;  IR (neat, cm−1) 2955, 2925, 2854, 
2360, 1670, 1609, 1520, 1499, 1480, 1457, 1411, 1395, 1360, 1308, 1254, 1200, 1158, 1144, 1085, 1060, 1027, 





5-2-4. Synthesis of (R)-3,3′-dibromo-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-
bis(methoxymethoxy)-1,1′-binaphthyl ((R)-3,3′-Br2-F8MOMBINOL, S6) 
 
To a THF (3.0 mL) solution of (R)- F8MOMBINOL S5 (474 mg, 0.91 mmol, 1.0 equiv.) and TMEDA (300 μL, 
2.0 mmol, 2.2 equiv.) was added n-BuLi (1.6 M in hexane, 1.25 mL, 2.0 mmol, 2.2 equiv.) at −78 °C.  The 
reaction mixture was stirred for 30 min at −78 °C.  To the reaction mixture was added 1,2-dibromo-1,1,2,2-
tetrafluoroethane (BrCCl2CCl2Br) (1.5 g, 4.8 mmol, 5.0 equiv.).  After being stirred for 2 h, the reaction mixture 
was quenched with H2O (20 mL) and extracted with Et2O (20 mL × 3).  The combined organic extracts were 
washed with H2O (20 mL× 2) and brine (20 mL), dried over Na2SO4, and concentrated under reduced pressure 
after filtration.  The residual crude was purified by silica gel column chromatography (0~5% Et2O in hexane as 
an eluent) to give (R)-3,3′-dibromo-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-bis(methoxymethoxy)-1,1′-binaphthyl 




1H NMR (CDCl3, 600 MHz) δ 8.45 (2H, s), 4.95 (4H, m), 2.55 (6H, s);  13C NMR (CDCl3, 151 MHz) δ 152.2, 
143.2 (dm, J = 250 Hz), 141.1 (dm, J = 240 Hz), 139.5 (dt, J = 253 Hz, 15 Hz), 137.6 (dt, J = 254 Hz, 15 Hz), 
125.4, 124.9, 119.2, 117.8 (d, J = 13 Hz), 100.2, 56.4;  19F NMR (CDCl3, 565 MHz) δ −141.9 (2F, t, J = 16.5 
Hz), −148.8 (2F, dd, J = 15.5 Hz, 18.6 Hz), −155.8 (2F, t, J = 18.8 Hz), −157.3 (2F, t, J = 19.0 Hz);  IR (neat, 
cm−1) 2992, 2954, 2901, 2826, 1672, 1602, 1580, 1513, 1487, 1467, 1449, 1413, 1375, 1344, 1237, 1203, 1187, 





5-2-5. Synthesis of (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-3,3′-diphenyl-1,1′-binaphthyl-2,2′-
diol ((R)-3,3′-Ph2-F8BINOL, S8) 
 
To a mixture of S-Phos (2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl) (26 mg, 0.07 mmol, 10 mol%), 
PhB(OH)2 (331 mg, 2.72 mmol, 4.0 equiv.), K3PO4 (1.2 g, 5.4 mmol, 8.0 equiv.), (R)-3,3′-Br2-F8MOMBINOL 
S6 (403 mg, 0.68 mmol, 1.0 equiv.) and Pd(OAc)2 (7.7 mg, 0.04 mmol, 5 mol%) was added THF (1.0 mL) at 
0 °C.  Then evacuation and refill with argon were repeated twice.  The reaction mixture was warmed at 40 °C.  
After being stirred for 18 h, the resulting mixture was quenched with H2O (10 mL) and extracted with Et2O (20 
mL × 3).  The combined organic extracts were washed with H2O (20 mL× 2) and brine (20 mL), dried over 
Na2SO4, and concentrated under reduced pressure after filtration.  The residual mixture was passed via silica 
gel pat.  The filtrate was concentrated under reduced pressure to give (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-
bis(methoxymethoxy)-3,3′-diphenyl-1,1′-binaphthyl ((R)-3,3′-Ph2-F8MOMBINOL, S7).  (R)-3,3′-Ph2-
F8MOMBINOL S7 was dissolved with EtOH (1.0 mL).  To the solution was added 6.0 M HCl aq. (2.0 mL).  
After being stirred 12 h, the mixture was quenched with conc. NaHCO3 aq. (10 mL) and extracted with Et2O (20 
mL× 2).  The combined organic extracts were washed with H2O (20 mL× 2) and brine (20 mL), dried over 
Na2SO4, and concentrated under reduced pressure after filtration.  The residual crude mixture was purified by 
column chromatography (0~5% Et2O in hexane as an eluent) to give (R)-3,3′-dibromo-5,5′,6,6′,7,7′,8,8′-
octafluoro-2,2′-bis(methoxymethoxy)-1,1′-binaphthyl (R)-5,5′,6,6′,7,7′,8,8′-octafluoro-3,3′-diphenyl-1,1′-






(R)- 5,5′,6,6′,7,7′,8,8′-octafluoro-2,2′-bis(methoxymethoxy)-3,3′-diphenyl-1,1′-binaphthyl  
((R)-3,3′-Ph2-F8MOMBINOL, S7) 
1H NMR (CDCl3, 600 MHz) δ 8.16 (2H, s), 7.72 (4H, dd, J = 8.4 Hz, 1.4 Hz), 7.51 (4H, t, J = 7.2 Hz), 7.43 (2H, 
tm, J = 7.6 Hz), 4.43 (4H, m), 2.44 (6H, s);  13C NMR (CDCl3, 151 MHz) δ 153.3, 143.3 (dm, J = 249 Hz), 
142.1 (dm, J = 251 Hz), 139.3 (dt, J = 250 Hz, 17 Hz), 137.7, 137.1 (dt, J = 251 Hz, 16 Hz), 136.7, 129.4, 128.8, 
128.3, 124.1, 122.6, 119.9 (m), 117.4 (d, J = 13 Hz), 99.2, 56.1;  19F NMR (CDCl3, 565 MHz) δ −142.3 (2F, t, 
J = 16.2 Hz), −149.5 (2F, dd, J = 19.4 Hz, 15.1 Hz), −157.5 (2F, t, J = 19.4 Hz), −159.7 (2F, t, 19.4 Hz);  IR 
(neat, cm−1) 2994, 2948, 2898, 2827, 1668, 1603, 1511, 1490, 1459, 1415, 1383, 1347, 1253, 1227, 1185, 1163, 
1137, 1082, 1059, 1020, 983, 956, 930, 874;  [α]25D +22.38 (c = 1.45, CH2Cl2, 99% ee). 
 
(R)-5,5′,6,6′,7,7′,8,8′-octafluoro-3,3′-diphenyl-1,1′-binaphthyl-2,2′-diol ((R)-3,3′-Ph2-F8BINOL, S8) 
.1H NMR (CDCl3, 600 MHz) δ 8.15 (2H, s), 7.67~7.64 (4H, m), 7.55 (4H, tm, J = 7.2 Hz), 7.49 (2H, tt, J = 7.2 
Hz, 1.4 Hz), 5.60 (2H, s);  13C NMR (CDCl3, 151 MHz) δ 150.8, 142.6 (d, J = 251 Hz), 139.7 (dt, J = 260 Hz, 
17 Hz), 136.3 (dt, J = 250 Hz, 16 Hz), 135.7, 132.0, 129.4, 129.3, 129.0, 122.7, 119.5 (m), 115.7 (d, J = 13 Hz), 
111.4;  19F NMR (CDCl3, 565 MHz) δ −147.8 (2F, t, J = 16.7 Hz), −149.0 (2F, dd, J = 19.1 H, 14.3 Hz), −157.0 
(2F, t, J = 19.1 Hz), −161.6 (2F, t, J = 21.5 Hz);  HRMS (ESI−) calcd. for C32H14F8O2 [M−H]−:581.0793, found: 
581.0793;  IR (neat, cm−1) 3530, 3058, 2934, 1667, 1615, 1601, 1513, 1496, 1464, 1440, 1410, 1370, 1350, 





5-2-6. Synthesis of (R)-F8BINOL-derived Phosphoric Acid 1d 
 
To a pyridine (1.7 mL) solution of (R)-3,3′-Ph2-F8BINOL S8 (297 mg, 0.51 mmol, 1.0 equiv.) was added POCl3 
(93 µL, 1.0 mmol, 2.0 equiv.) at 0 °C.  The reaction mixture was warmed to room temperature.  After being 
stirred for 12 h, the resulting mixture was quenched H2O (3.0 mL) at 0 ºC, acidified with 12 M HCl aq. (5.0 mL), 
and extracted with Et2O (10 mL × 3).  The combined Et2O extracts were washed with 6.0 M HCl aq. (10 mL × 
2), dried over Na2SO4 and concentrated under reduced pressure after filtration.  The residual crude was purified 
by Silica gel 60 extra pure (Catalogue No. 107754 Merck KgaA) column chromatography (10~50% Et2O in 
hexane as an eluent) to give (R)-F8BINOL-derived Phosphoric Acid 1d as a brown solid (212 mg, 0.33 mmol, 
64%). 
 
(R)-F8BINOL-derived Phosphoric Acid 1d 
1H NMR (C6D6, 600 MHz) δ 9.08 (1H, bs), 7.83 (2H, s), 7.45 (4H, s), 7.15~6.95 (6H, m);  13C NMR (C6D6, 
151 MHz) δ 145.5, 142.8 (dm, J = 256 Hz), 142.3 (dm, J = 254 Hz), 139.7 (dm, J = 251 Hz), 137.6 (dt, J = 253 
Hz, 16 Hz), 135.5, 135.3, 129.8, 128.5, 128.2, 123.5, 119.8, 119.4 (m), 118.0 (d, J = 10 Hz);  19F NMR (C6D6,, 
565 MHz) δ −141.8 (2F, s), −147.4 (2F, s), −156.1 (2F, t, J = 17.3 Hz), −157.6 (2F, m) ;  31P NMR (C6D6, 243 
MHz) δ 2.43 (s);  HRMS (ESI−) calcd. for C32H13F8O4P [M−H]−: 643.0351, found: 643.0350;  IR (neat, cm−1) 
3415, 3069, 3006, 2933, 2862, 1667, 1617, 1605, 1519, 1501, 1489, 1458, 1441, 1408, 1380, 1345, 1275, 1258, 






6. NMR Spectra Data 
6-1. Imine and Alkenes 

















































6-2. Products of Imino-ene Reaction 








































































































































































6-3. Derivatization for Determination of Absolute Configuration 




















6-4. Preparation of Phosphoric Acid 
6-4-1. Preparation of F12BINOL-derived Phosphoric Acid 1ae 
























6-4-2. Preparation of F8BINOL-derived Phosphoric Acid 1d 










































































7. HPLC Spectra Data 
7-1. Products of Imino-ene Reaction 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-phenylethylcarbamate (7aa)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.43 50.8 Peak 1 3.44 90.5 
Peak 2 7.83 49.2 Peak 2 7.85 9.5 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-p-tolylethylcarbamate (7ba)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.16 50.5 Peak 1 3.12 91.7 





(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(4-methoxyphenyl)  
ethylcarbamate (7ca) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.55 50.6 Peak 1 4.51 88.2 
Peak 2 8.25 49.4 Peak 2 8.22 11.8 
 
(R)-(9H-fluoren-9-yl)methyl 1-(4-bromophenyl)-2-(3,4-dihydronaphthalen-1-yl)  
ethylcarbamate (7da)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.82 50.8 Peak 1 4.82 96.4 








Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.98 50.1 Peak 1 4.96 91.5 
Peak 2 8.52 49.9 Peak 2 8.54 8.5 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-o-tolylethylcarbamate (7fa) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.86 50.2 Peak 1 2.86 90.0 






ethylcarbamate (7ga)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.69 49.9 Peak 1 2.69 87.7 
Peak 2 3.84 50.1 Peak 2 3.84 12.3 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(naphthalen-1-yl)  
ethylcarbamate (7ha)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.89 50.2 Peak 1 3.89 89.4 








Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.57 49.9 Peak 1 4.48 87.5 
Peak 2 9.26 50.1 Peak 2 9.19 12.5 
 
(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(furan-2-yl)ethylcarbamate (7ja) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.21 50.1 Peak 1 3.18 86.1 





(R)-(9H-fluoren-9-yl)methyl 2-(3,4-dihydronaphthalen-1-yl)-1-(thiophen-2-yl)ethylcarbamate (7ka) 
   
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.38 50.1 Peak 1 3.38 83.4 
Peak 2 6.47 49.9 Peak 2 6.52 16.6 
 
(R)-(9H-fluoren-9-yl)methyl 1-cyclohexyl-2-(3,4-dihydronaphthalen-1-yl)ethylcarbamate (7la) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.04 50.0 Peak 1 2.04 77.9 









Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.01 51.5 Peak 1 4.01 93.0 





Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.98 50.0 Peak 1 2.99 90.7 





(R)-(9H-fluoren-9-yl)methyl 1,3-diphenylbut-3-enylcarbamate (4aa) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 6.04 49.6 Peak 1 6.08 92.8 
Peak 2 11.26 50.4 Peak 2 11.46 7.2 
 
(R)-(9H-fluoren-9-yl)methyl 1-phenyl-3-p-tolylbut-3-enylcarbamate (15) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.08 50.3 Peak 1 3.04 90.2 






(R)-(9H-fluoren-9-yl)methyl 3-(4-bromophenyl)-1-phenylbut-3-enylcarbamate (17) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.41 50.2 Peak 1 2.41 90.6 
Peak 2 7.73 49.8 Peak 2 7.72 9.4 
 
(R)-(9H-fluoren-9-yl)methyl 1-phenyl-3-m-tolylbut-3-enylcarbamate (19) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.96 50.1 Peak 1 2.96 93.9 





(R)-(9H-fluoren-9-yl)methyl 3-(naphthalen-2-yl)-1-phenylbut-3-enylcarbamate (21) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.64 50.1 Peak 1 3.67 90.9 
Peak 2 8.56 49.9 Peak 2 8.70 9.1 
 
(R)-(9H-fluoren-9-yl)methyl 2-cyclohexenyl-1-phenylethylcarbamate (23) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 2.20 51.5 Peak 1 2.12 85.5 






7-2. Determined of Absolute Configuration 
(R)-N-(1,3-diphenylbut-3-enyl)-P,P-diphenylphosphinic amide (9) 
 
 
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 14.48 51.0 Peak 1 14.59 7.2 




















見出した（ 4-1, Entry 5）。本章では、この[4+2]環化反応について、収率、ジアステレオおよびエナ
ンチオ選択性の向上を目指して検討を行った。 




Product Yield (%)a ee (%)b 
1 
 
Fmoc imino-ene 55 70 
2 
 
Troc imino-ene 60 55 
3 
 
Cbz mixture 36 – 
4 
 











1-2. [4+2]  
窒素上をカルボニル基で置換したイミンとアルケンとの[4+2]環化反応の報告例は限られており、
その報告例はわずか二例のみである。一例目は、Lewis 酸として臭化亜鉛を 2 当量用いた反応である。
ベンゾイルイミンのベンゾトリアゾール付加体をイミン等価体として用い、ジクロロエタン溶媒中加
熱攪拌し反応を行い、シン体のオキサジンが良好な収率でジアステレオ選択的に得られると報告され
た 1a（ 4-1）。 
Scheme 4-1. ZnBr2 Mediated [4+2] Cyclization Reaction of Imine Precursor with α-Methylstyrene. 
 
二例目はテトラフルオロホウ酸を Brønsted 酸触媒として利用した反応である。Boc イミンを基質と
して用いて反応を行った場合、ブレンステッド酸により t-Bu 基が脱離したシン体のオキサジノンが
良好な収率でジアステレオ選択的に得られると報告された 1b（ 4-2）。 












酸の不斉源の比較を行った。検討には 3,3′位にフェニル基を有する F10BINOL および BINOL から誘導
したキラルリン酸 1a、1ba を用い行った（ 4-2）。比較の結果、ジアステレオおよびエナンチオ選
択性においては BINOL から誘導したキラルリン酸 1ba の方が良い結果を与えた。 






Chiral Source F10BINOL BINOL 
Yield (%)a 36 27 
syn : anti b 5:1 7:1 
ee (%)c 6 20 











性が劇的に向上し、シン体の生成物 4aa-syn が選択的に得られ、そのエナンチオ選択性は 80％であ
った（Entry 3, 4）。特にペンタフルオロフェニル基を用いた場合の収率が最も良く、81％の収率で生
成物が得られた（Entry 3）。 
Table 4-3. Screening of Substituents of BINOL-Derived Phosphoric Acid. 
 
Entry Ar Yield (%)a syn : anti b ee (%)c 
1 
 
1ba 27 7:1 20 
2 
 
1bb 43 8:1 8 
3 
 
1bc 81 >20:1 80 
4 
 
1bd 67 >20:1 80 
















Table 4-4. Comparison of Substituents of N-Benzoyl Group. 
 
Entry Ar Yield (%)a syn : anti b ee (%)c 
1 
 
2aa 81 >20:1 80 
2 
 
2ab 94 >20:1 90 
3 
 
2ac 90 >20:1 73 
4 
 
2ad 80 >20:1 >90d 
5 
 
2ae 30 >20:1 85 
6 
 
2af 95 >20:1 97 
a Isolated yield. b Determined by 1H NMR. c Determined by chiral HPLC. d Two enantiomer 






度を 0 °C としても収率に大きな低下は見られなかった（Entry 2）。また、触媒量を 5.0 mol%として
も反応は問題無く進行した（Entry 3）。最終的に、ビナフチル骨格の 3,3′位にノナフルオロビフェニ
ル基を導入したキラルリン酸 1bd を用いることで、エナンチオ選択性は 99%に達し、完璧な立体選
択性で生成物 4af を得ることに成功した（Entry 4）。 





























0 90 >20:1 99 







[4+2]環化反応の生成物の相対配置は NOE の測定を行うことで決定した。 




エン反応の生成物 6 を共通の化合物に誘導することで行った。まず、オキサジン 4af に対し、パラジ
ウム炭素を用い、水素添加反応を行い C-O 結合を開裂しアミン 5a を合成した（ 4-3）。また、Fmoc
アミン 6 に対してパラジウム炭素を用い、水素添加反応を行い、Fmoc 基の脱保護とアルケン部位の
還元を行った。得られたアミンは生成せずに、Schotten-Baumann 条件で窒素上を 3,5 ジフルオロベン
ゾイル基で置換しアミン 5b を得た（ 4-4）。得られた共通の化合物アミン 5 は、UHPLC の保持時
間を比較することで窒素原子と結合する炭素の絶対配置は R 体であることがわかった（ 4-2）。こ
の結果を基に、オキサジンの絶対配置を (4R,6S) であると決定した（ 4-3）。 
Scheme 4-3. Hydrogenation of Oxazine. 
 






Figure 4-2. UHPLC Analysis Data. 
 









BINOL 由来のキラルリン酸 1bd 存在下、1.1 当量のイミン 2 と、1.0 当量のアルケン 3 をトルエン溶




Table 4-6. Substrate Scope of Imines. 
 
Entry R 2 4 Yield (%)a syn : anti b ee (%)c 
1 
 
2af 4af 91 >20:1 99 
2 
 
2bf 4bf 93 >20:1 99 
3 
 
2cf 4cf 74 >20:1 98 
4 
 
2df 4df 87 >20:1 99 
5 
 
2ef 4ef 73 >20:1 99 
6 
 
2ff 4ff 72 >20:1 98 
7 
 
2gf 4gf 93 >20:1 99 
8 
 
2hf 4hf 75 >20:1 99 
9 
 
2if 4if 76 >20:1 99 








物 13 が得られた（Entry 4）。アルファイソプロピルスチレン 14、アルファ位無置換のスチレン 16
を用いた場合、収率が低下した。そこで、アルケンの当量を 2 当量、3 当量と増やして反応を行い、
中程度の収率、高い立体選択性で対応する生成物を得ることができた（Entry 5, 6）。 







































17 50 >20:1 99 
a Isolated yield. b Determined by 1H NMR. c Determined by chiral HPLC. d 1.0 eq of Imine 

















(1) (a) Katritzky, A. R.; Ghivirga, I.; Chen, K.; Tymoshenko, D. O.; Abdel-Fattah, A. A. A. J. Chem. Soc., Perkin 







1. General Information 
1-1. Instruments and Materials 
1H NMR spectra were recorded on a JEOL ECA-600 (600 MHz) spectrometer at ambient temperature.  
Chemical shifts are reported in ppm, with solvent resonance employed as internal standard; CDCl3 (7.26 ppm), 
C6D6 (7.16 ppm), and acetone-d6 (2.06 ppm).  13C NMR spectra were recorded on a JEOL ECA-600 (151 Hz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the solvent resonance 
as the internal standard; CDCl3 (77.0 ppm), C6D6 (128.0 ppm), and acetone-d6 (206.7 ppm, 29.9 ppm).  19F 
NMR spectra were recorded on a JEOL ECA-600 (565 MHz).  Chemical shifts are reported in ppm from the 
C6H5CF3 (–67.2 ppm) resonance as the external standard.  31P NMR spectra were recorded on a JEOL ECA600 
(243 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in ppm from the PPh3 
(–6 ppm) resonance as the external standard.  Infrared spectra were recorded on a Jasco FT/IR-4100 
spectrometer.  Optical rotations were measured on a Jasco P-1020 digital polarimeter with a sodium lamp and 
reported as follows; [α]T ºCD (c = g/100 mL, solvent, % ee).  The enantioselectivies were determined by ultra 
high- or high-performance liquid chromatography (UHPLC or HPLC), which was performed on a Jasco X-LC-
3000 system or a Jasco HPLC-2000 system with UV detectors.  High-resolution mass spectra analysis was 
performed on a Bruker Daltonics solariX 9.4 T spectrometer at the Research and Analytical Center for Giant 
Molecules, Graduate School of Science, Tohoku University. 
1-2. Material and Methods 
CH2Cl2, toluene, Et2O and THF were supplied from Kanto Chemical Co., Inc. as “Dehydrated solvent system”.  
Other solvents were dried over activated MS4A and used under nitrogen atmosphere. Reagents were purchased 
from commercial suppliers and used without further purification.  All reactions were carried out in flame-dried 
glassware with magnetic stirring under nitrogen atmosphere.  Analytical thin layer chromatography (TLC) was 
performed on Merck pre-coated TLC plates (silica gel 60 GF 254, 0.25 mm).  Purification of reaction products 
was carried out by flash column chromatography using silica gel 60 (spherical, neutral, 100-210 μm; KANTO 
Chemical Co., Inc.), silica gel 60 (230-400 mesh; E. Merk), and DIOL silica gel (45-75 μm; Fuji Silysia Chemical 





2. Preparation of Imines, Alkenes and Catalyst 
2-1. General Procedure for Preparation of Imines 
 
To a solution of 3,5-difluorobennzoyl chloride (400 μL, 3.2 mmol, 1.1 equiv.) in CH2Cl2 (5.0 mL) was added 
N-benzylidene-TMS amine (N-TMS imine) (530 mg, 3.0 mmol, 1.0 equiv.) at 0 C.  After being stirred for 4 h 
at room temperature, solvent was removed in vacuo.  The residual mixture was Kugelrohr distilled.  Distilled 
mixture was diluted with CH2Cl2 and purified by DIOL silica gel column chromatography using hexaene as an 
eluent to give imine (E)-N-benzylidene-3,5-difluorobenzamide (2af) (407 mg, 1.7 mmol, 55%). 
  
(E)-N-benzylidene-3,5-difluorobenzamide (2af) 
1H NMR (CDCl3, 600 MHz) δ 8.85 (1H, s), 8.00 (2H, d, J = 7.6 Hz), 7.71 (2H, m), 7.63 (1H, t, J = 7.6 Hz), 7.54 
(2H, t, J = 7.6 Hz), 7.05 (1H, tt, J = 8.3 Hz, 2.4 Hz);  13C NMR (CDCl3, 151 MHz) δ 178.4, 166.8, 163.0 (dd, J 
= 250Hz, 12 Hz), 136.9 (t, J = 8 Hz), 134.2, 134.0, 130.5, 129.2, 113.1 (dd, J = 21 Hz, 5 Hz), 108.9 (t, J = 2.6 
Hz);  19F NMR (CDCl3, 565 MHz) δ −108.3 (2F, m);  HRMS (ESI+) calcd. for C14H9F2NO [M+Na]+: 
268.0544, found: 268.0545;  IR (neat, cm−1) 3275, 3089, 3069, 2371, 2321, 1680, 1612, 1594, 1578, 1496, 1456, 
1440, 1380, 1322, 1309, 1217, 1186, 1163, 1119, 1067, 985, 930, 907, 865, 854. 
 
(E)-3,5-difluoro-N-(4-methylbenzylidene)benzamide (2bf) 
1H NMR (CDCl3, 600 MHz) δ 8.32 (1H, s), 7.89 (2H, d, J = 8.2 Hz), 7.71 (2H, m), 7.36 (2H, d, J = 8.0 Hz), 7.03 
(1H, tt, J = 8.5 Hz, 2.3 Hz), 2.46 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 178.4, 167.0, 162.9 (dd, J = 256 Hz, 
12 Hz), 145.2, 137.2 (t, J = 7 Hz), 131.8, 130.6, 130.0, 113.1 (dd, J = 21 Hz, 5 Hz), 108.7 (t, J = 26 Hz), 22.0;  
19F NMR (CDCl3, 565 MHz) δ −108.4 (2F, m);  HRMS (ESI+) calcd. for C15H11F2NO [M+Na]+: 282.0701, 
found: 282.0700;  IR (neat, cm−1) 3091, 3068, 3032, 2921, 2894, 1677, 1593, 1568, 1514, 1463, 1441, 1413, 






1H NMR (CDCl3, 600 MHz) δ 8.82 (1H, s), 7.82 (1H, bs), 7.77 (1H, dm, J = 6.5 Hz), 7.71 (2H, m), 7.45~7.40 
(2H, m), 7.04 (1H, tt, J = 8.6 Hz, 2.4 Hz), 2.46 (3H, s);  13C NMR (CDCl3, 151 MHz): δ 178.3, 167.1, 162.9 
(dd, J = 250 Hz, 12 Hz), 139.0, 137.0 (t, J = 9 Hz), 134.9, 134.3, 130.7, 129.4, 128.1, 113.1 (dd, J = 22Hz, 4.3 
Hz), 108.7 (t, J = 25 Hz), 21.3;  19F NMR (CDCl3, 565 MHz) δ −108.3 (2F, m);  HRMS (ESI+) calcd. for 
C15H11F2NO [M+Na]+: 282.0701, found: 282.0702;  IR (neat, cm−1) 3091, 2964, 2928, 2878, 1737, 1674, 1623, 
1593, 1527, 1460, 1442, 1372, 1329, 1215, 1194, 1164, 1148, 1121, 1066, 987, 928, 883, 852. 
 
(E)-3,5-difluoro-N-(2-methylbenzylidene)benzamide (2df) 
1H NMR (CDCl3, 600 MHz) δ 9.15 (1H, s), 8.10 (1H, d, J = 7.6 Hz), 7.70 (2H, m), 7.48 (1H, tm, J = 7.6 Hz), 
7.34 (1H, t, J = 7.6 Hz), 7.29 (1H, d, J =7.9 Hz), 7.03 (1H, tt, J = 8.4 Hz, 2.4 Hz), 2.65 (3H, s);  13C NMR 
(CDCl3, 151 MHz) δ 178.6, 165.7, 163.0 (dd, J =251 Hz, 12 Hz), 141.4, 137.1, 133.7, 132.17, 131.7, 130.0, 
126.7, 113.1 (dd, J =21 Hz, 5 Hz), 108.8 (t, J = 26 Hz), 19.8;  19F NMR (CDCl3, 565 MHz) δ −108.3 (2F, m);  
HRMS (ESI+) calcd. for C15H11F2NO [M+Na]+: 282.0701, found: 282.0702;  IR (neat, cm−1) 3087, 3062, 3032, 




1H NMR (CDCl3, 600 MHz) δ 8.85 (1H, s), 7.97 (2H, dm, J = 8.9 Hz), 7.74 (2H, m), 7.05~7.01 (2H, m), 3.92 
(3H, s);  13C NMR (CDCl3, 151 MHz) δ 178.3, 166.8, 164.6, 162.9 (dd, J = 250 Hz, 12 Hz), 137.5 (t, J = 9Hz), 
132.9, 127.3, 114.7, 113.1 (dd, J = 20 Hz, 6 Hz), 108.6 (t, J = 26 Hz), 55.7;  19F NMR (CDCl3, 565 MHz) δ 
−108.6 (2F, m);  HRMS (ESI+) calcd. for C15H11F2NO2 [M+Na]+: 298.0650, found: 298.0651;  IR (neat, cm−1) 
3279, 3095, 2974, 2846, 1669, 1631, 1604, 1574, 1516, 1458, 1441, 1428, 1382, 1327, 1306, 1261, 1189, 1167, 






1H NMR (CDCl3, 600 MHz) δ 8.81 (1H, s), 7.85~7.87 (2H, m), 7.68~7.67 (2H, m), 7.06 (1H, tt, J = 8.6 Hz, 2.4 
Hz);  13C NMR (CDCl3, 151 MHz) δ 178.2, 165.8, 163.0 (dd, J =250Hz, 12Hz), 136.7 (t, J = 9 Hz), 133.1, 
132.6, 131.7, 129.1, 113.1 (dd, J =20 Hz, 6 Hz), 109.0 (t, J = 25 Hz);  19F NMR (CDCl3, 565 MHz) δ −108.1 
(2F, m);  HRMS (ESI+) calcd. for C14H8BrF2NO [M+Na]+: 345.9650, found: 345.9650;  IR (neat, cm−1) 3093, 
2928, 2904, 1681, 1630, 1590, 1569, 1488, 1439, 1407, 1377, 1329, 1302, 1190, 1172, 1119, 1065, 1011, 984, 
925, 892, 857, 825. 
 
(E)-3,5-difluoro-N-(2-fluorobenzylidene)benzamide (2gf) 
1H NMR (CDCl3, 600 MHz) δ 9.16 (1H, s), 8.21 (1H, td, J = 7.4 Hz, 1.7 Hz), 7.68 (2H, m), 7.61 (1H, m), 7.32 
(1H, t, J = 7.9 Hz), 7.20 (1H, tm, J = 9.1 Hz), 7.06 (1H, tt, J = 8.3 Hz, 2.4 Hz);  13C NMR (CDCl3, 151 MHz) 
δ 178.4, 164.2 (d, J = 259 Hz), 163.0 (dd, J = 251 Hz, 12 Hz), 160.3 (d, J = 6 Hz), 136.6 (t, J = 7 Hz), 135.9 (d, 
J = 10 Hz), 128.69, 124.9 (d, J = 4 Hz), 122.2 (d, J = 9 Hz), 116.4 (d, J = 22 Hz), 113.07 (dd, J = 21 Hz, 5 Hz), 
108.9 (t, J = 26 Hz);  19F NMR (CDCl3, 565 MHz) δ −108.2 (2F, m), −117.9 (1F, m);  HRMS (ESI+) calcd. 
for C14H8F3NO [M+Na]+: 286.0450, found: 286.0451;  IR (neat, cm−1) 3094, 1676, 1619, 1594, 1483, 1464, 







1H NMR (CDCl3, 600 MHz) δ 9.01 (1H, s), 8.32 (1H, s), 8.18 (1H, dm, J = 8.6 Hz), 7.96 (2H, dd, J = 12. 9 Hz, 
8.5 Hz), 7.91 (1H, d, J = 8.3 Hz), 7.76 (2H, m), 7.64 (1H, td, J = 8.1 Hz, 1.0 Hz), 7.59 (1H, tm, J = 8.3 Hz), 7.05 
(1H, tt, J = 8.6 Hz);  13C NMR (CDCl3, 151 MHz) δ 178.4, 167.0, 163.0 (dd, J = 251 Hz, 12 Hz), 137.1 (t, J = 
9 Hz), 136.9, 132.9 132.0, 129.4, 129.2, 129.0, 128.2, 127.2, 123.8, 113.2 (dd, J = 22 Hz, 6 Hz), 108.9 (t, J = 26 
Hz);  19F NMR (CDCl3, 565 MHz) δ −108.3 (2F, m);  HRMS (ESI+) calcd. for C18H11F2NO [M+Na]+: 
318.0701, found: 318.0700;  IR (neat, cm−1) 3093, 3063, 1669, 1604, 1592, 1574, 1460, 1438, 1399, 1371, 1323, 
1270, 1212, 1197, 1174, 1116, 1066, 985, 933, 883, 854, 810. 
 
(E)-3,5-difluoro-N-(thiophen-2-ylmethylene)benzamide (2if) 
1H NMR (CDCl3, 600 MHz) δ 9.09 (1H, d, J = 1.0 Hz), 7.78~7.74 (3H, m), 7.23 (1H, dd, J = 5.2 Hz, 3.8 Hz), 
7.04 (1H, tt, J = 8.6 Hz, 2.4 Hz);  13C NMR (CDCl3, 151 MHz) δ 177.4, 163.0 (dd, J = 250 Hz, 12 Hz), 160.8, 
141.0, 137.9, 137.3 (t, J = 9 Hz), 135.0, 128.9, 113.3 (dd, J = 21 Hz, 5 Hz), 108.9 (t, J = 26 Hz);  19F NMR 
(CDCl3, 565 MHz) δ −108.5 (2F, m);  HRMS (ESI+) calcd. for C12H7F2NOS [M+Na]+: 274.0109, found: 
274.0109;  IR (neat, cm−1) 3087, 1670, 1589, 1440, 1427, 1379, 1318, 1211, 1187, 1118, 1065, 987, 929, 858, 
815. 
2-2. Preparation of Alkene 
 
(3-methylbut-1-en-2-yl)benzene (14) 
1H NMR (CDCl3, 600 MHz) δ 7.36~7.29 (4H, m), 7.27~7.24 (1H, m), 5.14 (1H, s), 5.03 (1H, m), 2.83 (1H, 
septet, J =6.9 Hz), 1.10 (6H, d, J = 6.5 Hz);  13C NMR (CDCl3, 151 MHz) δ 155.9, 142.9, 128.2, 127.1, 126.7, 
110.1, 32.4, 22.1;  HRMS (FD+) calcd. for C11H14 [M]+: 146.1090, found: 146.1095;  IR (neat, cm−1) 3080, 





2-3. 3,3′-(F9Biphenyl)BINOL-derived phosphoric acid 
 
(R)-3,3′-bis(perfluorobiphenyl-4-yl)-1,1′-binaphthyl-2,2′-diol-derived phosphoric acid 
 (3,3′-(F9Biphenyl)BINOL-derived phosphoric acid, 1bd) 
1H NMR (CDCl3, 600 MHz) δ 8.12 (2H, s), 8.03 (2H, d, J = 8.3Hz), 7.62 (2H, t, J = 7.6 Hz), 7.57 (2H, d, J = 8.6 
Hz), 7.49 (2H, t, J = 7.6 Hz), 4.06 (1H, bs);  13C NMR (CDCl3, 151 MHz) δ 146~143 (m), 141.4 (m) 137.7 (dm, 
J =251 Hz), 135.5, 133.0, 131.2, 128.9, 127.9, 127.3, 126.6, 122.7, 119.4, 118.0 (m), 106.5 (m), 102.6 (m);  19F 
NMR (CDCl3, 565 MHz) δ −137.09 (2F, m), −139.12 (4F, m), −140.27 (2F, m), −141.32 (2F, m), −142.7 (2F, 
m), −152.6 (2F, m), −162.5 (2F, m) −163.1 (2F, m);  31P NMR (CDCl3, 243 MHz) δ 17.0;  HRMS (ESI−) calcd. 
for C32H14F8O2 [M−H]−: 975.0035, found: 975.0032;  IR (neat, cm−1) 3062, 2954, 2929, 2857, 1529, 1503, 1474, 






3. [4+2] Cyclization Reaction 
3-1. General Procedure for [4+2] Cyclization Reaction 
 
To a toluene (1.0 mL) solution of α-methyl styrene 3 (29 mg, 0.2 mmol, 1.0 equiv.) and 3,3′-F9Biphenyl BINOL-
derived phosphoric acid 1bd (9.8 mg, 0.01 mmol, 5.0 mol%) was added 3,5-F2Benzoyl imine 2af (54 mg, 0.22 
mmol, 1.1 equiv.) at 0 °C.  After being stirred for 24 h, the solution was diluted with CH2Cl2 (2.0 mL), and the 
diluted solution was directly subjected onto silica gel column for purification.  The mixture was purified by 
silica-gel column chromatography (0~10% EtOAc in hexame as an eluent) to give a product (4R,6S)-2-(3,5-




1H NMR (CDCl3, 600 MHz) δ 7.72 (2H, m), 7.53~7.50 (2H, m), 7.44~7.37 (6H, m), 7.33(1H, tm, J = 7.2 Hz), 
7.29 (1H, tm, 7.2 Hz), 6.94 (1H, tt, J = 8.6 Hz, 2.4 Hz), 4.90 (1H, dd, J = 11.5 Hz, 5.0 Hz), 2.53 (1H, dd, J = 
13.9 Hz, 5.0 Hz), 1.87 (1H, dd, J = 13.8 Hz, 11.3 Hz), 1.86 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 163.4 (dd, 
J = 248 Hz, 12 Hz), 153.7, 146.1, 144.2, 138.4 (t, J = 9 Hz), 129.14, 129.07, 128.1, 127.5, 127.1, 124.5, 111.0 
(dd, J = 22 Hz, 4 Hz), 106.4 (t, J = 26 Hz), 79.2, 54.7, 43.3, 21.1;  19F NMR (CDCl3, 565 MHz) δ −111.0 (2F, 
m);  HRMS (ESI+) calcd. for C23H19F2NO [M+H]+: 364.1507, found: 364.1507;  IR (neat, cm−1) 3089, 3062, 
3028, 2979, 2925, 2876, 1652, 1625, 1596, 1498, 1470, 1450, 1439, 1378, 1344, 1289, 1225, 1174, 1117, 1069, 
1028, 985, 952, 923, 875, 845;  UHPLC analysis DAICEL CHIRALPAK IA-3 2.1×150 mm, n-hexane:2-PrOH 







Clear oil, 93% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.73 (2H, m), 7.53 (2H, d, J = 7.6 Hz), 
7.44 (2H, t, J = 7.6 Hz), 7.35 (1H, d, J = 7.2 Hz), 7.32 (2H, d, J = 7.9 Hz), 7.21 (2H, d, J = 7.9 Hz), 6.94 (1H, tt, 
J = 8.6 Hz, 2.1 Hz), 4.88 (1H, dd, J = 11.7 Hz, 4.8 Hz), 2.53 (1H, dd, J = 13.9 Hz, 4.8 Hz), 2.39 (3H, s), 1.91~1.85 
(4H, m);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 248 Hz, 12 Hz), 153.1 (t, J = 3 Hz), 145.7, 140.8, 138.0 
(t, J = 10 Hz), 136.7, 129.3, 128.5, 127.6, 126.5, 124.1, 110.5 (dd, J = 22 Hz, 6 Hz), 105.9 (t, J = 26 Hz), 78.8, 
54.1, 42.9, 26.7, 21.2;  19F NMR (CDCl3, 565 MHz) δ  ;  HRMS (ESI+) calcd. for C24H21F2NO [M+H]+: 
378.1664, found: 378.1664;  IR (neat, cm−1) 3063, 3028, 2979, 2926, 1654, 1624, 1597, 1495, 1451, 1440, 1377, 
1344, 1281, 1225, 1175, 1118, 1071, 1052, 1031, 987, 953, 925, 876, 849;  UHPLC analysis DAICEL 
CHIRALPAK IA-3 2.1×150 mm, n-hexane:2-PrOH = 98:2, 0.5 mL/min, 40 °C, 254 nm, 1.15 min (minor), 1.23 
(major), 99% ee; 
 
(4R,6S)-2-(3,5-difluorophenyl)-6-methyl-6-phenyl-4-m-tolyl-5,6-dihydro-4H-1,3-oxazine (4cf) 
Clear oil, 74% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.68 (2H, m), 7.50~7.47 (2H, m), 7.40 
(2H, t, J = 7.6 Hz), 7.30 (1H, tm, J = 7.2 Hz), 7.24 (1H, t, J = 7.6 Hz), 7.19~7.17 (2H, m), 7.08 (1H, d, J = 7.0 
Hz), 6.92 (1H, tt, J = 8.6 Hz, 2.4 Hz), 4.83 (1H, dd, J = 11.5 Hz, 4.8 Hz), 2.49 (1H, dd, J = 13.8 Hz, 4.8 Hz), 
2.36 (3H, s), 1.85 (1H, dd, J = 13.0 Hz, 12.0 Hz), 1.82 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 
248 Hz, 12 Hz), 153.2, 145.7, 143.7, 138.2, 138.0 (t, J = 9 Hz), 128.7, 128.5, 127.8, 127.6, 127.4, 124.1, 123.7, 
110.5 (dd, J = 22 Hz, 6 Hz), 105.9 (t, J = 25 Hz), 78.8, 54.3, 42.9, 26.7, 21.6;  19F NMR (CDCl3, 565 MHz) δ 
−109.8 (2F, m);  HRMS (ESI+) calcd. for C24H21F2NO [M+H]+: 378.1664, found: 378.1665;  IR (neat, cm−1) 
3088, 3060, 3030, 2979, 2959, 2925, 2871, 1654, 1627, 1595, 1494, 1469, 1450, 1438, 1378, 1342, 1324, 1289, 
1224, 1178, 1159, 1116, 1071, 1030, 986, 952, 924, 876, 848;  UHPLC analysis DAICEL CHIRALPAK IA-3 
2.1×150 mm, n-hexane:2-PrOH = 98:2, 0.5 mL/min, 40 °C, 254 nm, 1.02 min (minor), 1.25 (major), 98% ee;  






Clear oil, 87% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.68 (2H, m), 7.49 (2H, m), 7.40 (2H, 
tm, J = 7.6 Hz), 7.31 (1H, tt, J = 7.2 Hz, 1.7 Hz), 7.27 (1H, d, J = 8.6 Hz), 7.23~7.20 (1H, m), 7.16 (2H, m), 6.92 
(1H, tt, J = 8.6 Hz, 2.4 Hz), 5.07 (1H, dd, J = 11.7 Hz, 4.8 Hz), 2.47 (1H, dd, J = 14.1 Hz, 4.8 Hz), 2.46 (3H, s), 
1.86 (3H, s), 1.74 (1H, dd, J = 13.8 Hz, 11.8 Hz);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 248 Hz, 12 
Hz), 153.6, 145.6, 141.7, 137.9 (t, J = 8.7 Hz), 134.4, 130.4, 128.7, 127.7, 127.0, 126.9, 126.7, 124.1, 110.5 (dd, 
J = 22 Hz, 6 Hz), 105.9 (t, J = 26 Hz), 78.9, 51.5, 41.3, 26.7, 19.0;  19F NMR (CDCl3, 565 MHz3) δ 109.8 (2F, 
m);  HRMS (ESI+) calcd. for C24H21F2NO [M+H]+: 378.1664, found: 378.1665;  IR (neat, cm−1) 3063, 3028, 
2979, 2926, 1654, 1624, 1597, 1495, 1451, 1440, 1377, 1344, 1281, 1225, 1175, 1118, 1071, 1052, 1031, 987, 
953, 925, 876, 849;  HPLC analysis DAICEL CHIRALCEL OD-3 4.6×250 mm, n-hexane:2-PrOH = 98:2, 1.0 




Clear oil, 73% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.67 (2H, m), 7.48 (2H, d, J = 8.3 Hz), 
7.40 (2H, t, J = 7.6 Hz), 7.33~7.29 (3H, m), 6.94~6.88 (3H, m), 4.82 (1H, dd, J = 11.7 Hz, 5.2 Hz), 3.81 (3H, s), 
2.48 (1H, dd, J = 13.9 Hz, 4.8 Hz), 1.83 (1H, dd, J = 13.4 Hz, 11.7 Hz), 1.82 (3H, s);  13C NMR (CDCl3, 151 
MHz) δ 162.9 (dd, J = 248 Hz, 12 Hz), 153.1, 145.7, 137.9 (t, J = 10 Hz), 135.9, 128.7, 127.8, 127.6, 124.1, 
114.0, 110.5 (dd, J = 22 Hz, 6 Hz), 105.9 (t, J = 26 Hz), 78.7, 55.4, 53.7, 42.9, 26.7;  19F NMR (CDCl3, 565 
MHz) δ 109.8 (2F, m);  HRMS (ESI+) calcd. for C24H21F2NO2 [M+H]+: 393.1613, found: 393.1313;  IR (neat, 
cm−1) 3091, 3067, 3032, 2980, 2955, 2931, 2835, 1650, 1623, 1613, 1595, 1511, 1495, 1468, 1449, 1439, 1379, 
1344, 1302, 1287, 1246, 1225, 1174, 1117, 1104, 1068, 1031, 985, 953, 924, 878, 846, 828;  UHPLC analysis 
DAICEL CHIRALPAK IB-3 2.1×150 mm, n-hexane:2-PrOH = 98:2, 0.5 mL/min, 40 °C, 254 nm, 1.46 min 







Clear oil, 72% yield, >20:1 dr, 98% ee;  1H NMR (CDCl3, 600 MHz) δ 7.65 (2H, m), 7.48~7.44 (4H, m), 7.39 
(2H, t, J = 7.6 Hz), 7.31 (1H, t, J = 6.9 Hz), 7.27~7.24 (2H, m), 6.92 (1H, tt, J = 8.3 Hz, 2.1 Hz), 4.82 (1H, dd, 
J = 11.9 Hz, 4.8 Hz), 2.48 (1H, dd, J = 13.9 Hz, 4.8 Hz), 1.83~1.77 (4H, m);  13C NMR (CDCl3, 151 MHz) δ 
162.9 (dd, J = 247.8 Hz, 12 Hz), 153.5, 145.3, 142.8, 137.7 (t, J = 9 Hz), 131.7, 128.7, 128.4, 127.7, 124.0, 120.8, 
110.5 (dd, J = 22 Hz, 6 Hz), 106.1 (t, J = 25 Hz), 53.7, 42.6, 26.7;  19F NMR (CDCl3, 565 MHz3) δ 109.6 (2F, 
m);  HRMS (ESI+) calcd. for C23H18BrF2NO2 [M+H]+: 442.0613, found: 442.0612;  IR (neat, cm−1) 3091, 
3065, 3030, 2980, 2956, 2929, 2875, 1651, 1623, 1599, 1489, 1450, 1439, 1398, 1377, 1345, 1294, 1227, 1175, 
1118, 1095, 1070, 1030, 1011, 984, 953, 924, 876, 847, 818;  UHPLC analysis DAICEL CHIRALPAK IB-3 
2.1×150 mm, n-hexane:2-PrOH = 98:2, 0.5 mL/min, 40 °C, 254 nm, 1.30 min (major), 1.54 (minor), 98% ee;  




Clear oil, 93% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.69 (2H, m), 7.49~7.46 (2H, m), 
7.41~7.37 (3H, m), 7.33 (1H, tt, J = 7.2 Hz, 1.7 Hz), 7.26~7.21 (1H, m), 7.14 (1H, td, J = 7.4 Hz, 1.0 Hz), 7.05 
(1H, ddd, J = 10.7 Hz, 8.3 Hz, 1.0 Hz), 6.93 (1H, tt, J = 8.9 Hz, 2.4 Hz), 5.20 (1H, dd, J = 11.3 Hz, 5.2 Hz), 2.61 
(1H, dd, J = 13.8 Hz, 5.2 Hz), 1.85 (3H, s), 1.78 (1H, dd, J = 13.8 Hz, 11.3 Hz);  13C NMR (CDCl3, 151 MHz) 
δ 162.9 (dd, J = 248 Hz, 12 Hz), 161.0 (d, J = 246 Hz), 145.5, 137.8 (t, J = 8.7 Hz), 130.7 (d, J = 13 Hz), 128.7, 
128.5 (m), 127.7, 124.6 (d, J = 3 Hz), 124.1, 115.1 (d, J = 22 Hz), 110.5 (dd, J = 21 Hz, 5 Hz), 106.0 (t, J = 26 
Hz), 78.9, 48.6 (d, J = 3 Hz), 41.1, 26.7;  19F NMR (CDCl3, 565 MHz) δ 109.7 (2F, m), −120.8 (1F, m);  
HRMS (ESI+) calcd. for C23H18F3NO2 [M+H]+: 382.1413, found: 382.1413;  IR (neat, cm−1) 3089, 3071, 3038, 
2983, 2929, 2855, 1654, 1625, 1596, 1489, 1455, 1440, 1378, 1345, 1274, 1224, 1173, 1119, 1091, 1068, 1030, 
985, 923, 879, 849;  HPLC analysis DAICEL CHIRALPAK AD-3 4.6×250 mm, n-hexane:2-PrOH = 98:2, 1.0 







Clear oil, 75% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.86~7.81 (4H, m), 7.72 (2H, m), 
7.52~7.43 (5H, m), 7.39 (2H, t, J = 7.4 Hz), 7.30 (1H, t, J = 7.6 Hz), 6.94 (1H, tt, J = 8.6 Hz, 2.1 Hz), 5.04 (1H, 
dd, J = 11.7 Hz, 5.2 Hz), 2.59 (1H, dd, J = 13.8 Hz, 4.8 Hz), 1.94 (1H, dd, J = 13.4 Hz, 12.4 Hz), 1.89 (3H, s);  
13C NMR (CDCl3, 151 MHz) δ 163.0 (dd, J = 248 Hz, 12 Hz), 153.4, 145.6, 141.1, 137.9 (t, J = 10 Hz), 133.6, 
132.8, 128.7, 128.4, 128.0, 127.7, 126.2, 125.7, 125.2, 125.1, 124.1, 110.6 (dd, J = 21 Hz, 5 Hz), 106.0 (t, J = 
26 Hz), 78.8, 54.4, 42.7, 26.8;  19F NMR (565 MHz, CDCl3) δ −109.7 (2F, m);  HRMS (ESI+) calcd. for 
C27H21F2NO [M+H]+: 414.1664, found: 414.1664;  IR (neat, cm−1) 3088, 3058, 3030, 2980, 2929, 2874, 1652, 
1622, 1597, 1510, 1495, 1468, 1448, 1438, 1377, 1343, 1310, 1269, 1225, 1170, 1111, 1070, 1030, 986, 954, 
925, 874, 850, 814;  UHPLC analysis DAICEL CHIRALPAK IB-3 2.1×150 mm, n-hexane:2-PrOH = 98:2, 0.5 
mL/min, 40 °C, 254 nm, 1.69 min (major), 2.01 (minor), 99% ee;  [α]26D −20.80 (c = 1.38, CH2Cl2, 99% ee). 
 
(4R,6S)-2-(3,5-difluorophenyl)-6-methyl-6-phenyl-4-(thiophen-2-yl)-5,6-dihydro-4H-1,3-oxazine (4if) 
Clear oil, 78% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.66 (2H, m), 7.51~7.48 (2H, m), 7.42 
(2H, t, J = 7.6 Hz), 7.33 (1H, tm, J = 7.2 Hz), 7.23 (1H, dd, J = 4.8 Hz, 1.4 Hz), 7.01~6.98 (2H, m), 6.92 (1H, tt, 
J = 8.6 Hz, 2.4 Hz), 5.15 (1H, dd, J = 11.5 Hz, 4.8 Hz), 2.64 (1H, dd, J = 13.6 Hz, 4.8 Hz), 2.02 (1H, dd, J = 
13.6 Hz, 11.7 Hz), 1.83 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 248 Hz, 12 Hz), 152.9, 148.2, 
145.3, 137.6 (t, J = 10 Hz), 128.7, 127.8, 126.9, 124.2, 124.1, 122.7, 110.6 (dd, J = 22 Hz, 6 Hz), 106.1 (t, J = 
26 Hz), 78.7, 50.8, 42.1, 26.4;  19F NMR (CDCl3, 565 MHz) δ −109.7 (2F, m);  HRMS (ESI+) calcd. for 
C21H17F2NOS [M+H]+: 370.1072, found: 370.1072;  IR (neat, cm−1) 3091, 3065, 3030, 2980, 2956, 2929, 2875, 
1651, 1623, 1599, 1489, 1450, 1439, 1398, 1377, 1345, 1294, 1227, 1175, 1118, 1095, 1070, 1030, 1011, 984, 
953, 924, 876, 847, 818;  HPLC analysis DAICEL CHIRALPAK AD-3 4.6×250 mm, n-hexane:2-PrOH = 98:2, 







Clear oil, 73% yield, >20:1 dr, 99% ee;  1H NMR (CDCl3, 600 MHz) δ 7.68 (2H, m), 7.41~7.34 (6H, m), 
7.29~7.25 (1H, m), 7.23~7.19 (2H, m), 6.91 (1H, tt, J = 8.6 Hz, 2.4 Hz), 4.86 (1H, dd, J = 11.5 Hz, 4.81 Hz), 
2.49 (1H, dd, J = 13.8 Hz, 4.8 Hz), 2.38~2.35 (4H, m);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 248 Hz, 
12 Hz), 153.3, 143.8, 142.8, 138.0 (t, J = 9 Hz), 137.7, 129.3, 128.6, 127.0, 126.6, 124.1, 110.5 (dd, J = 22 Hz, 
4.3 Hz), 105.9 (t, J = 25 Hz), 78.7, 54.3, 42.9, 26.7, 21.1;  19F NMR (CDCl3, 565 MHz) δ −109.8 (2F, m);  
HRMS (ESI+) calcd. for C24H21F2NO [M+H]+: 378.1664, found: 378.1663;  IR (neat, cm−1) 3086, 3062, 3029, 
2980, 2956, 2925, 2873, 1653, 1623, 1595, 1517, 1494, 1471, 1452, 1439, 1378, 1342, 1304, 1286, 1227, 1211, 
1189, 1174, 1116, 1095, 1073, 1050, 1030, 1020, 984, 953, 923, 874, 849, 816;  UHPLC analysis DAICEL 
CHIRALPAK IF-3 2.1×150 mm, n-hexane:2-PrOH = 99:1, 0.5 mL/min, 40 °C, 254 nm, 1.13 min (minor), 1.22 




1H NMR (CDCl3, 600 MHz) δ 7.65 (2H, m), 7.53-7~49 (2H, m), 7.38~7.34 (6H, m), 7.29~7.25 (1H, m), 6.29 
(1H, tt, J = 8.6 Hz, 2.4 Hz), 4.86 (1H, dd, J = 11.7 Hz, 5.2 Hz), 2.48 (1H, dd, J = 13.9 Hz, 5.2 Hz), 1.82 (1H, dd, 
J = 13.4 Hz, 11.7 Hz), 1.81 (3H, s);  13C NMR (CDCl3, 151 MHz) δ 162.9 (dd, J = 247 Hz, 13 Hz), 153.0, 144.6, 
143.5, 137.7 (t, J = 10 Hz), 131.8, 128.7, 127.2, 126.6, 126.0, 121.6, 110.5 (dd, J = 22 Hz, 6 Hz), 106.1 (t, J = 
26 Hz), 78.4, 54.1, 42.6, 26.6;  19F NMR (CDCl3, 565 MHz) δ −109.6 (2F, m);  HRMS (ESI+) calcd. for 
C23H18BrF2NO2 [M+H]+: 442.0613, found: 442.0612;  IR (neat, cm−1) 3087, 3063, 3027, 2981, 2929, 2873, 
1651, 1624, 1595, 1490, 1471, 1451, 1438, 1396, 1377, 1342, 1276, 1261, 1223, 1173, 1116, 1073, 1009, 985, 
954, 922, 874, 847, 824;  HPLC analysis DAICEL CHIRALPAK IC-3 4.6×250 mm, n-hexane:2-PrOH = 98:2, 








1H NMR (CDCl3, 600 MHz) δ 7.62 (2H, m), 7.47~7.43 (2H, m), 7.41~7.37 (3H, m), 7.29 (1H, t, J = 7.2 Hz), 
7.26~7.21 (2H, m), 7.19~7.16 (1H, m), 6.89 (1H, tt, J = 8.6 Hz, 2.4 Hz), 4.86 (1H, dd, J = 11.7 Hz, 4.8 Hz), 2.97 
(1H, ddd, J = 18.0 Hz, 8.1 Hz, 5.8 Hz), 2.79 (1H, dt, J = 16.8 Hz, 5.8 Hz), 2.44 (1H, dd, J = 14.3 Hz, 4.8 Hz), 
2.29~2.25 (2H, m), 2.1~1.9 (3H, m);  13C NMR (CDCl3, 151 MHz) δ 162.8 (dd, J = 248 Hz, 12 Hz), 154.2, 
143.9, 138.7, 138.0 (t, J = 9 Hz), 137.3, 129.1, 128.6, 128.1, 127.0, 126.9, 126.60, 126.57, 110.5 (dd, J = 22 Hz, 
4.3 Hz), 105.8 (t, J = 26 Hz), 78.0, 53.9, 42.0, 34.0, 29.6, 19.7;  19F NMR (CDCl3, 565 MHz) δ −109.9 (2F, m);  
HRMS (ESI+) calcd. for C25H21F2NO [M+H]+: 390.1664, found: 390.1664;  IR (neat, cm−1) 3085, 3062, 3030, 
2939, 2868, 2841, 1650, 1622, 1596, 1491, 1450, 1438, 1341, 1303, 1278, 1260, 1240, 1224, 1190, 1119, 1105, 
1088, 1073, 1053, 1021, 987, 936, 914, 878, 850;  UHPLC analysis DAICEL CHIRALPAK IB-3 2.1×150 mm, 
n-hexane:2-PrOH = 98:2, 0.5 mL/min, 40 °C, 254 nm, 1.47 min (major), 1.63 (minor), 80% ee; [α]23D −34.93 (c 
= 0.70, CH2Cl2, 80% ee). 
 
(4R,6R)-2-(3,5-difluorophenyl)-6-isopropyl-4,6-diphenyl-5,6-dihydro-4H-1,3-oxazine (15) 
1H NMR (CDCl3, 600 MHz) δ 7.1 (2H, m), 7.39 (2H, dm, J = 7.6 Hz), 7.34~7.22 (8H, m), 6.93 (1H, dd, J = 8.6 
Hz, 2.1 Hz), 4.84 (1H, dd, J = 10.7 Hz, 5.2 Hz), 2.97 (1H, dd, J = 14.1 Hz, 5.2 Hz), 2.42 (1H, septet, J = 6.5 Hz), 
1.94 (1H, dd, J = 13.9 Hz, 11.0 Hz), 1.01 (3H, d, J = 6.9 Hz), 0.90 (3H, d, J = 6.5 Hz);  13C NMR (CDCl3, 151 
MHz) δ 163.0 (dd, J = 248 Hz, 12 Hz), 153.0, 143.9, 140.4, 138.1 (t, J = 9 Hz), 128.6, 127.8, 127.4, 126.9, 126.7, 
125.8, 110.4 (dd, J = 22 Hz, 6 Hz), 105.9 (t, J = 25 Hz), 88.4, 53.8, 38.3, 35.0, 17.4, 17.1;  19F NMR (CDCl3, 
565 MHz) δ −109.6 (2F, m);  HRMS (ESI+) calcd. for C25H23F2NO [M+H]+: 392.1820, found: 392.1820;  IR 
(neat, cm−1) 3088, 3064, 3027, 2970, 2936, 2877, 1653, 1624, 1596, 1496, 1469, 1450, 1337, 1223, 1117, 1073, 







1H NMR (CDCl3, 600 MHz) δ 7.65 (2H, m), 7.46~7.43 (6H, m), 7.41~7.37 (3H, m), 7.30 (1H, tm, J = 7.2 Hz), 
6.91 (1H, tt, J = 8.6 Hz, 2.4 Hz, 1H), 5.47 (1H, dd, J = 11.9 Hz, 2.4 Hz), 4.95 (1H, dd, J = 11.3 Hz, 4.8 Hz), 2.58 
(1H, ddd, J = 13.9 Hz, 4.6 Hz, 2.4 Hz), 1.89 (1H, dt, J = 14.1 Hz, 11.7 Hz);  13C NMR (CDCl3, 151 MHz) δ 
162.9 (dd, J = 248 Hz, 13 Hz), 154.1 (m), 143.7, 139.9, 137.3 (t, J = 9 Hz), 128.9, 128.6, 128.6, 127.1, 126.4, 
126.0, 110.5 (dd, J = 22 Hz, 4 Hz), 106.0 (t, J = 26 Hz), 77.5, 56.9, 39.0;  19F NMR (CDCl3, 565 MHz) δ;  
HRMS (ESI+) calcd. for C22H17F2NO [M+H]+: 350.1351, found: 350.1351;  IR (neat, cm−1) 3090, 3067, 3032, 
2959, 2923, 1654, 1623, 1595, 1496, 1452, 1438, 1355, 1330, 1228, 1197, 1175, 1117, 1075, 1046, 1029, 988, 
919, 877;  HPLC analysis DAICEL CHIRALPAK IC-3 4.6×250 mm, n-hexane:2-PrOH = 97:3, 1.0 mL/min, 





4. Determination of Configuration 
4-1. Determination of Related Configuration 
 
4-2. Determination of Absolute Configuration 
 
To a MeOH solution of 4af (66 mg, 0.18 mmol, 91% yield, 99% ee) was added Pd(OH)2/C under nitrogen.  
Then evacuation and refill with hydrogen were repeated twice.  After being stirred for 3 h, evacuation and refill 
with nitrogen were repeated twice.  The resulted suspension was passed via pat of Celite.  The filtrate was 
concentrated to give a product 5 (63 mg, 0.17 mmol, 95%). 
N-((1R,3R)-1,3-diphenylbutyl)-3,5-difluorobenzamide (5) 
1H NMR (CDCl3, 600 MHz) δ 7.34 (4H, td, J = 7.6 Hz, 2.1 Hz), 7.29~7.22 (4H, m), 7.19 (d, J = 7.2 Hz), 6.98 
(2H, m), 6.89 (1H, tt, J = 8.6 Hz, 2.4 Hz), 5.18 (1H, dd, J = 13.9 Hz, 6.5 Hz) 2.70 (1H, sextet, J = 7.2 Hz), 
2.29~2.20 (2H, m), 1.28 (3H, d, J = 6.9 Hz);  13C NMR (CDCl3, 151 MHz) δ 162.3 (dd, J = 250 Hz, 12 Hz), 
146.4, 141.3, 137.5, 128.9, 128.6, 127.3, 127.0, 126.6, 126.3, 110.2 (d, J = 23 Hz), 106.6 (t, J = 25 Hz);  19F 
NMR (CDCl3, 565 MHz) δ −109.5 (2F, m);  IR (neat, cm−1) 3286, 3085, 3063, 3027, 2962, 2927, 2869, 1634, 
1594, 1542, 1494, 1453, 1438, 1333, 1262, 1221, 1182, 1123, 1053, 1029, 988, 877, 864;  [α]20D +18.12 (c = 



























































































































(R)-3,3′-bis(perfluorobiphenyl-4-yl)-1,1′-binaphthyl-2,2′-diol-derived phosphoric acid 








































































































































































































6. HPLC Spectra Data 
(4R,6S)-2-(3,5-difluorophenyl)-6-methyl-4,6-diphenyl-5,6-dihydro-4H-1,3-oxazine (4af) 
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.14 49.5 Peak 1 1.14 0.4 






Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.14 48.9 Peak 1 1.16 0.5 








Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.02 49.2 Peak 1 1.16 1.2 





Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 5.81 50.2 Peak 1 5.81 99.6 









Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.46 49.9 Peak 1 1.46 99.7 





Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.30 49.8 Peak 1 1.31 99.1 








Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 3.91 49.1 Peak 1 3.93 0.4 
Peak 2 4.18 50.9 Peak 2 4.18 99.6 
 
(4R,6S)-2-(3,5-difluorophenyl)-6-methyl-4-(naphthalen-2-yl)-6-phenyl-5,6-dihydro- 
4H-1,3-oxazine (4hf)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.69 49.9 Peak 1 1.69 99.6 









Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 5.12 49.8 Peak 1 5.14 0.5 





Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.11 49.3 Peak 1 1.13 0.7 








Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.42 49.7 Peak 1 4.42 0.2 





Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.46 49.1 Peak 1 1.47 90.0 







Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 1.11 48.6 Peak 1 1.13 1.6 
Peak 2 1.19 51.4 Peak 2 1.20 98.4 
 
(4R,6S)-2-(3,5-difluorophenyl)-4,6-diphenyl-5,6-dihydro-4H-1,3-oxazine (17)  
  
Racemic Time (min) Area (%) Chiral Time (min) Area (%) 
Peak 1 4.28 52.5 Peak 1 4.28 0.5 

















Scheme 5-1. Development of Practical Synthetic Method of F12BINOL. 
 













Scheme 5-3. Catalytic Enantioselective Three-component Imino-ene Reaction Catalyzed by F10BINOL-
Derived Chiral Phosphoric Acid. 
 
3,3′  
N- [4+2]  
イミンとアルキンとの反応において、窒素上の置換基をベンゾイル基とした場合に、[4+2]環化反応
が進行することを見出した。特に 3,3′位にペルフルオロアリール基を有する BINOL から誘導したキ
ラルリン酸を触媒として用いた場合に、収率、立体選択性が劇的に向上し、高い立体選択性で生成物
が得られることを明らかにした（ 5-4）。 
Scheme 5-4. Diastereo- and Enantioselective [4+2] Cyclization Reaction of N-Benzoyl Imines with 
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